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Age-related changes in the biochemical composition of the human aorta and their correlation with
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Abstract (normally less than 200 words; must not exceed 250 words)

Various studies have correlated the mechanical properties of the aortic wall with its biochemical
parameters and inner structure. Very few studies have addressed correlations with the cohesive
properties, which are crucial for understanding fracture phenomena such as aortic dissection, i.e. a
life-threatening process. Aimed at filling this gap, we conducted a comprehensive biochemical and
histological analysis of human aortas (the ascending and descending thoracic and infrarenal abdominal
aorta) from 34 cadavers obtained post-mortem during regular autopsies. The pentosidine,
hydroxyproline and calcium contents, calcium/phosphorus molar ratio, degree of atherosclerosis, area
fraction of elastin, collagen type | and Ill, alpha smooth muscle actin, vasa vasorum, vasa vasorum
density, aortic wall thickness, thicknesses of the adventitia, media and intima were determined and
correlated with the delamination forces in the longitudinal and circumferential directions of the vessel
as determined from identical cadavers. The majority of the parameters determined did not indicate
significant correlation with age, except for the calcium content and collagen maturation (enzymatic
crosslinking). The main results concern differences between enzymatic and non-enzymatic crosslinking
and those caused by the presence of atherosclerosis. The enzymatic crosslinking of collagen increased
with age and was accompanied by a decrease in the delamination strength, while non-enzymatic
crosslinking tended to decrease with age and was accompanied by an increase in the delamination
strength. As the rate of calcification increased, the presence of atherosclerosis led to the formation of
calcium phosphate plaques with higher solubility than the tissue without or with only mild signs of
atherosclerosis.
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1. Introduction

The wall of the aorta, the main artery in the human body, is characterized by a highly organized internal
structure [1-5]. Its three layers differ in terms both of their function and composition. The tunica
intima, i.e. the inner layer, is relatively thin and due to its sensitivity to mechanical stress constitutes
the fundamental element in terms of the mechanobiological interaction that serves to maintain
homeostasis [4]. The tunica media, the middle layer, consists of musculo-elastic fascicles that create
concentric membranes that surround circumferentially oriented smooth muscle cells, and the whole
structure is interlaced with a network of collagen fibers that lie between the membranes and create
radially running connections [4—7]. The tunica adventitia, the outer layer, contains fibroblasts and
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bundles of collagen fibers, and anchors the aorta to the surrounding tissue from which it is penetrated
by nerves and vasa vasorum [1,4,5,8-12].

Since the number of elastic membranes varies along the length of the aorta, its biomechanical
properties depend on the location [1,4,6,7,11]. In general, it can be stated that the aorta is anisotropic,
nonlinear and viscoelastic [1,3,4,13—-24]. The mechanical properties of the aorta, moreover, change
with age [13-16,20-25]. Certain changes that occur over the human lifetime in the cardiovascular
system can be attributed to aging that leads to the accumulation of DNA damage followed by changes
in the cellular functions, which results in an overall decline in the circulation physiology [26,27].
Concerning arteries, however, from the clinical and biomechanical point of view, the consequences of
aging are usually dominated by two pathologically and etiologically distinct processes that assume
physiological significance over the time scale of decades, i.e. atherosclerosis and arteriosclerosis [28—
31]. Both diseases lead to the gradual stiffening of the arteries, which correlates so strongly with age
that it may be difficult to distinguish them from each other without the performance of a
microstructural analysis [32,33].

Atherosclerosis is manifested by the formation of focal lesions, which, via several developmental
stages, progresses from the accumulation of monocytes and macrophages, through the accumulation
of lipids and molecules that accompany the inflammatory process, to the formation of calcium deposits
in a form and concentration that significantly alters the mechanical properties of the vascular wall and
restricts lumen cross-section [30,34-38]. From the etiological point of view, the development of
atherosclerosis differs from that of arteriosclerosis, which can be described as the age-related
accumulation of calcium that binds to elastin [39-41] and is followed by the fragmentation of the
elastic membranes [42] that results in the transfer of the load-bearing capacity from the elastic
component to the collagen network. Due to its impact on the tunica media, arteriosclerosis is
sometimes referred to as medial elasto-calcinosis or Monckeberg sclerosis [28,30,32,33]. Unlike
atherosclerosis, the clinical manifestation of which concerns primarily the restriction of the blood
supply, arteriosclerosis exerts a clinical impact on blood pressure and the pattern and velocity of the
pressure wave [29,34].

Enzymatic and non-enzymatic crosslinking, involving both collagen and elastic fibers, comprise further
mechanisms that act to change the mechanical properties of the aorta [35—38]. One of the important
differences between the two crosslinking processes concerns the fact that enzymatic crosslinking
occurs primarily intra-molecularly and is essential for optimal tissue functioning [35,37,39,40].
Enzymatic crosslinks typically form between lysine and hydroxy-lysine at the N-/C-terminal, facilitated
by lysyl oxidases and dehydration that form covalent bonds [35,41]. Non-enzymatic cross-linking
associated with aging occurs both intra- and inter-molecularly; however, with concern to collagen it
does not involve telopeptides [39,42—-44]. Rather, in terms of tissue functioning, it leads to structural
deleterious changes [39]. Non-enzymatic crosslinking acts predominantly via advanced glycation end
products (AGEs) which arise via the Maillard reaction. AGEs-induced crosslinks restrict the compliance
of extracellular matrix scleroproteins, which results in tissue stiffening [28,45-47]. Pentosidine (PEN)
comprises one of the best chemically-defined representatives of the AGEs group [48-52].

Although studies that have investigated the impact of glycation on the tensile properties of the arterial
wall suggest that elastin, in particular, is susceptible to glycation changes, and that arteries gradually
stiffen and change the character of their viscoelastic response under such conditions [36,45,46,53—
55], the situation is somewhat different with concern to the cohesive properties [56]. These properties
play an essential role in the formation and propagation of cracks as in aortic dissection. Although
diabetes has been found to be closely related to cardiovascular diseases, and non-enzymatic glycation
is magnified in diabetic patients, statistical studies concerning the risk of aortic dissection and its
complications suggest that diabetes lowers the risk of dissection [57—62]. This is in accordance with
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the findings of a recent study by Wang et al. [56] that showed that glucose treatment increased the
delamination strength. This suggests a somewhat peculiar contradiction between the effect of
glycation on the bulk material properties and the cohesive properties, which, to the best of our
knowledge, has not yet been explained. Thus, our study aims to contribute to the understanding of
this topic.

Our previous study has focused primarily on site-specific differences in terms of the delamination
strength of the thoracic ascending, thoracic descending and abdominal parts of the human aorta, and
its correlation with age [16]. Various studies have correlated the mechanical properties of the aortic
wall with its structural or biochemical parameters; however, only very few studies have addressed
correlations with its cohesive properties [63]. Aimed at filling this gap, we conducted a comprehensive
biochemical and histological analysis of human aortic samples obtained from 34 cadavers. In addition
to assessing the calcium content and the calcium/phosphate molar ratio, as well as the degree of
atherosclerosis, the study included the quantitative histology results from the assessment of the
elastin, collagen and smooth muscle cell (SMC) contents and the thickness of the aortic wall and its
layers. However, the main result concerns the determination of the enzymatic and non-enzymatic
crosslinking, i.e. the degree of collagen maturation and the quantitative determination of the degree
of AGEs based on the PEN content. All the results were subjected to a correlation analysis with respect
to the age and the delamination strength as addressed in our previous study [16]. To the best of our
knowledge, no study has been published to date that compares the degree of enzymatic and non-
enzymatic crosslinking and the delamination strength of the human aorta.

2. Materials and methods

2.1 Human aortas

Samples of human aortas were obtained post-mortem during regular autopsies carried out at the
Department of Forensic Medicine and Toxicology at the Regional Hospital, Liberec. The post-mortem
use of human tissue for the purposes of our project was approved by the Ethical Committee of the
Regional Hospital, Liberec (under project no. GA20-11186S). The cohort that provided the aortic
specimens comprised 34 individuals; 24 men (28-86 years, average age 58.2 + 16.4 years; mean + SD)
and 10 women (age 33-78, average age 59.7 + 14.3 years). The autopsy reports were the only medical
records available to us. All the tissues were taken from Caucasian donors. The entire aorta was excised
from the body for the purposes of the study. The aorta was subsequently divided into three parts
according to its anatomical sections, i.e. the ascending thoracic aorta (AAs), the descending thoracic
aorta (ADs) and the infrarenal portion of the abdominal aorta (AAb). The autopsies were not able to
provide samples from all three parts of the aorta from all the donors in the amount required for the
planned range of biochemical analyses; thus, the distribution in each group was as follows; AAs: 32,
ADs: 33, AAb: 34. A pathologist with more than 25 years of experience subsequently performed the
qualitative evaluation of the degree of atherosclerosis for each section. The sections were then
quantified on a scale of 0 to 4 according to morphological features: 0 — intact artery and fatty streaks,
1—fibro-fatty plaques, 2 —advanced plaques, 3 —calcified plaques, 4 — ruptured plaques [64]. Following
the basic pathological evaluation, the specimens were transported to the laboratory. Samples in the
form of strips were prepared in the laboratory and taken from the proximal section of the AAs and
from the middle sections of the ADs and AAbs. The mechanical testing was performed on the same
day as the autopsy. The samples intended for the biochemical analyses were frozen at -25°C and
lyophilized (BenchTop 4KZL, VirTis, USA) or fixed in formalin for histology purposes. The samples were
kept in cold storage (4 - 6°C) prior to autopsy and during transport. The mean interval between death
and freezing was 63 * 26 hours (mean % SD).
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2.2 HPLC analysis of AGEs

The amount of advanced glycation end products was determined by means of the high-performance
liquid chromatography (HPLC) quantification of PEN. PEN comprises one of the best chemically defined
covalent crosslinks. It remained stable even following the acid hydrolysis of the aortic samples;
moreover, it contains intense fluorophore, which allows for very sensitive and selective detection by
means of HPLC. The HPLC method is suitable for the analysis of AGEs directly within tissues and
provides accurate and reproducible results for specific AGEs molecules in a similar way to fluorimetric
tests or ELISA-based immunochemical kits, which are, however, suitable for their determination in
body fluids [65—-67]. The correlation of the results obtained via HPLC for the determination of PEN and
the spectrometric method for measuring the integral fluorescence of all the AGEs had been previously
verified [65,68].

Approx. 20 mg of lyophilized tissue was available for the AGEs analysis for each sample. The sample
treatment procedures for the determination of PEN include acid hydrolysis (in an aliquot of 12 M HCI
for 16 hours), purification and the preconcentration of tissue hydrolysates by means of solid phase
extraction (SPE) using a Visiprep™ SPE Vacuum Manifold DL vacuum manifold extractor from Supelco
(Bellefonte, PA, USA), followed by the vacuum evaporation of the excessive solvents and reconstitution
in the mobile phase and, finally, injection into the HPLC system. SPE based on selective sorption within
the cellulose/water/n-buthanol/glacial acetic acid separation system was applied so as to concentrate
and purify the hydrolysate fraction that contained PEN.

The method adopted, optimized and applied for the determination of PEN in our laboratory is based
on the reversed phase HPLC separation procedure employing the programmable gradient flow of the
mobile phase and sensitive fluorescence detection [50,69]. The analysis involved the use of the
Shimadzu on-line PC controlled HPLC system (Kyoto, Japan) operated by Lab Solutions software (LC
Solution-Version 1.25) consisting of a liquid chromatograph (model: LC 10ADvp) equipped with an
autosampler, quarternary pump, column oven and fluorescence detector (set at 335/385 nm
excitation/emission). Separation was performed using a CGC Separon SGX C18 compact glass column
filled with spherical silica gel particles (diameter 5 um), modified with the octadecyl group; dimensions
of 150 x 3 mm (Tessek, Prague, Czech Republic); the mobile phase applied consisted of 0.02 M
heptafluorobutyric acid, 0.01 M (NH.),;SO4, and the linear gradient was given by varying the
concentration of acetonitrile (12.5—-25.0% acetonitrile over 20 minutes), the column temperature was
40°C, the flow rate was 0.5 ml/min and the time of one HPLC run lasted 30 min. (including the returning
of the mobile phase composition to the initial conditions); an amount of 10 ul of the sample
reconstituted in the mobile phase was injected into the HPLC column. Injection was repeated three
times (n=3) for each of the reconstituted samples. Following the peak area evaluation, the external
standard method (calibration curve) was used to quantify the PEN, and the measured data was
statistically evaluated. The pure pentosidine standard was purchased from Cayman Chemical (Ann
Arbor, MI, USA).

2.3 Hydroxyproline determination

The hydroxyproline (HYP) content (expressed in terms of the weight amount of the dry aortic tissue),
which can be taken as a direct biochemical marker of the collagen content, was determined according
to the ISO 3496:1994(E) standard, Meat and Meat products — Determination of the Hydroxyproline
Content. Approximately 5 mg of lyophilized tissue was used for the HYP analysis for each sample (n=3).
The sample hydrolysates were oxidized using chloramine B. Following the quantitative reaction with
p-dimethyldiaminobenzaldehyde, the HYP content in the hydrolysate was spectrophotometrically
detected at 558 nm using a UV—Visible UV 530 spectrometer (Unicam Instruments, Cambridge, Great
Britain). The collagen content in the tissues can be determined assuming an approx. 14% content of
hydroxyproline in pure collagen [45].
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2.4 Fourier Transform Infrared analysis

Fourier Transform Infrared (FTIR) spectroscopy allows for the evaluation of changes in the secondary
structure of collagen and elastin molecules [70-73]. These changes may originate from additional age-
associated crosslinking or interaction with calcium deposits. The FTIR spectra were measured using an
iS50 (Thermo Nicolet Instruments Co., Madison, WI, USA) spectrometer via the attenuated total
reflection (ATR) method. Dried samples were placed on the surface of the diamond crystal and
compressed using a thrust screw. The area of the scanned spot on the diamond crystal was 7 mm?2,
Infrared radiation was then emitted into the sample, averaging 64 scans with a resolution of 4 cm™ in
the middle infrared range of 4000—400 cm™. The penetration depth into the sample surface was in the
order of units of um (i.e. approx. 3 um at 1500 cm™and approx. 10 um at 400 cm™?). The spectra
obtained were processed using OMNIC Software 2019.

The protein FTIR spectra contain 5 amidic bands including N-H stretching at ~3300 cm™ for amide A,
and amide B at ~3070 cm™, which represents the N-H bonds in the secondary amides together with
C—H stretching in the sp2 hybridization. The amide | bands (~1650 cm™) originate from C=0 stretching
vibrations coupled with N-H bending vibrations. The amide Il bands (~1550 cm™) arise from N-H
bending vibrations coupled with C—N stretching vibrations [74,75]. Finally, the FTIR spectra of collagen
also evince a quartet of bands at ~1205, 1240, 1280 (amide Ill) and 1340 cm™[76,77]. The FTIR spectra
can be employed as a tool for the assessment of the maturation of collagen. The amide | region (~1650
cm™) can be deconvoluted into several distinct bands that describe the various types of secondary
structures in collagen and elastin [78,79]. Of the various underlying bands that make up the amide |
spectral peak, two are of particular interest in terms of the study of the maturity of collagen: 1660 and
1690 cm™. With concern to our study, the maturity of collagen was calculated as the ratio of the
1660/1690 sub-bands that are assigned to the mature and immature collagen crosslinks [80],
respectively, that are present naturally in collagen and which increase with age [81,82].

2.5 Determination of the total Ca concentration

The total calcium concentration (expressed in terms of the weight amount of the dry aortic tissue) was
determined applying atomic absorption spectroscopy (Varian AA 240, Agilent Technologies Inc., Santa
Clara, CA) using the titration method. Approx. 5 mg of lyophilized tissue was available for the Ca
analysis for each sample (n=2).

2.6 SEM and EDS analysis

Energy dispersive X-ray spectroscopy (EDS) using an Octane Elite SDDs (Ametek, USA) EDS detector on
a STEM Apreo S LoVac scanning electron microscope (Thermo Fisher Scientific, USA) was applied for
the chemical characterisation of the aortic tissue, particularly the assessment of the
calcium/phosphorus (Ca/P) ratio. The contents of elemental Ca and P and the Ca/P weight ratio were
analysed in order to detect changes in the calcification of the aortic tissue by both the different parts
of the aorta and the donors. An EDS map was captured on each cross-section at a suitable
maghnification aimed at characterizing the inhomogeneity of the Ca/P distribution. The suitability of
the magnification varied depending on the wall thickness of the aorta from each cadaver and was
adjusted so as to capture the EDS map of the entire aortic wall cross-section thickness at the maximum
possible resolution. Examples of EDS mapping are provided in Figures S1 and S2 in the Supplement.

2.7 Histological quantitative analysis

The stereological quantification was performed on the aortic samples obtained from the same donors
(n=27) as in the case of the biochemical, structural and mechanical analysis, with the exception of 6
male (n=18) and 1 female (n=9) donors due to the insufficient quantities of the samples. All the aortic
segments intended for the histological analysis were stored in a 10% neutral buffered formalin solution
immediately following removal. The fixed aortic samples were dehydrated in ethanol, embedded in
paraffin blocks and cut transversely into 5um-thick sections. The sections were deparaffinized,
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rehydrated and stained applying a combination of four histological staining methods and two
immunohistochemical reactions so as to allow for the visualization of the microscopic structures of the
aorta wall. See Table 1 for a detailed description.

Table 1. Histological and immunohistochemical staining methods.

Staining methods Purpose and visualization of the aortic wall
components

Hematoxylin-eosin (Merc, C.I. 75290) Overall morphology

Verhoeff’s hematoxylin and green trichrome (Diapath, Italy, Overall morphology, differentiation of

2020) connective tissue and smooth muscle

Orcein (Diapath, Italy, 2020) Elastic fibers and elastic membranes

Direct red 80 (Sigma-Aldrich, Merc corp., USA, 2020) Type | (yellow-red color) and type Il collagen

(green color) in polarized light
Immunohistochemistry with antibody anti-alpha smooth muscle Vascular alpha smooth muscle actin
actin (Clone 1A4, RTU dilution, Ventana, Roche Holding AG, USA)
Immunohistochemistry with antibody anti-CD31 (Clone JC70, Endothelium of the vasa vasorum
RTU dilution, Cell Marque, Sigma-Aldrich, USA)

Six microphotographs, as shown in Figure 1A, were employed to evaluate the area fractions of elastin,
type | collagen, type lll collagen, alpha smooth muscle actin and vasa vasorum, as well as the density
of vasa vasorum in the tunica media using a 40x objective (Olympus Optical Co., Ltd., Tokyo, Japan).
The microphotographs were determined via the systematic and uniform sampling procedure [10,83].
Sampling was performed for each of the 78 vascular segments examined (it was not possible to
histologically process 3 segments from the total number of 81), thus resulting in a total of 1,872
microphotographs (78 vascular segments x 4 staining methods x 6 microphotographs). The digitized
regions of the slides were utilized for the quantitative evaluation of the thicknesses of the tunica
intima, media and adventitia, as well as for the qualitative assessment of the atherosclerotic changes
in the human aorta applying the Olympus VS200 scanning system (Olympus Optical Co. Ltd., Tokyo,
Japan), see Figure 1B.

The area fractions of elastin, type | collagen, type lll collagen, alpha smooth muscle actin and vasa
vasorum in the tunica media were evaluated employing a stereological point grid and the Cavalieri
principle (Figure 2 A-D) [84] as described in previous studies [85—87]. The area fraction was quantified
as the ratios of the structures of interest and the reference area. At least 150-point grid intersections
with the structures of interest were considered [88]. The density of the vascular profiles was estimated
using an unbiased counting frame (Figure 2E) [89-91]. The vascular density was calculated as the
number of vasa vasorum per reference area. The stereological quantifications of the area fractions and
density were performed using Ellipse software (ViDito, KoSice, Slovakia). The thicknesses of the
remodeled tunica intima, media and adventitia were quantified as the average value of four linear
probe measurements (Figure 2F). The remodeled intima was considered to be the connective tissue
layer from the endothelial cell lining to the internal elastic membrane or border, through which
vascular SMCs migrated from the underlying media. This layer also contained accumulations of
extracellular lipids and fat-laden foamy macrophages. The thickness of the outer layer of adventitial
loose connective tissue was affected by the anatomical preparation process, therefore we considered
only the dense connective tissue of the adventitia [11]. The scans obtained by the Olympus VS200
scanning system (Olympus, Japan) were utilized for the quantitative evaluation of the thickness; the
scans were quantified using OlyVIA software (Olympus, Tokyo, Japan). See the summary of the
histological procedures shown in Table 2.
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Figure 1. Systematic uniform sampling of the human aorta. A — Six microphotographs (as indicated by the black
rectangles) were employed to evaluate the area fractions of elastin, type | collagen, type Il collagen, total
collagen, alpha smooth muscle actin and vasa vasorum, as well as the density of vasa vasorum in the tunica media
using a 40x objective. B — Scans covering the entire region of the human aorta were used to assess the thicknesses
of the tunica intima, media and adventitia, as well as the degree of atherosclerosis. Scale bars 1 mm (A, B).
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Figure 2. Stereological quantification of the microscopic structures and thicknesses of the aorta segments. A
stereological point grid and the Cavalieri principle were used to quantify the area fractions of elastin (A), type |
(yellow-red color) and Il collagen (green color) (B), alpha smooth muscle actin (C), vasa vasorum (D). Unbiased
counting frames were used to evaluate the density of the vasa vasorum (E). The thicknesses of the intima (red),
media (green) and adventitia (blue) were evaluated as the average value of four linear probe measurements (F).

Scale bars 50 um (A - E), 1 mm (F).
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Table 2. Quantitative histological parameters, reference area, objective and number of microphotographs.

Quantitative parameter Objective
Reference area

abbreviation and units used Micrographs taken

Aa (elastin, media) [-] The area frac’Fiorﬁ of elast.in fiber.s and 40x 6
membranes within the tunica media.
The area fraction of type | collagen
Aa (type | collagen, media) [-] (yellow-red color) within the tunica 40x 6
media
The area fraction of type Ill collagen
(green color) within the tunica media
The area fraction of alpha smooth
muscle actin within the tunica media
Aa (vasa vasorum, media) [-] The are.a fractio_n of vasa vasorum within 40x 6
the tunica media
The density of vasa vasorum within the
tunica media
The thicknesses of the tunica intima,
media and adventitia

Aa (type Ill collagen, media) [-] 40x 6

Ax (actin, media) [-] 40x 6

Qa (vasa vasorum, media) [mm] 40x 6

Thickness [um] 20x 4 measurements

2.8 Determination of the delamination strength

A detailed description of the peeling experiments employed to investigate the delamination strength
of the human aorta can be found in our previous study [16]. In contrast to the biochemical analyses,
the samples were not exposed to any special physical or chemical treatment prior to the biomechanical
experiments. Briefly, rectangular samples (approx. 8 x 60 mm) were cut from each aortic segment and
aligned with both the longitudinal (L) and circumferential (C) directions of the vessel. An incision was
made with a scalpel into the medial layer to provide for initial separation, which was then extended to
approx. 3 cm in length. The arms of the T-shaped samples were used for the mounting of the samples
to the clamps of the experimental tensile testing machine (Zwick/Roell, Messphysik). Both the
delamination force necessary to increase the tear length and the tear length itself were recorded. The
delamination strength Sq was considered as the ratio of the recorded force to the reference width of
the samples. The S4 value obtained for a single specimen represented the median delamination
strength found at a delamination length of 20 mm. The resulting Sq value used in the correlation
analysis comprised the average of the four samples.

Our 3-year study included subjecting 661 aortic strips obtained from 46 cadavers to peeling
experiments [16]. Of this number, a total of 544 strips were included in the correlation analysis of the
cohesive properties and the biochemical and histological parameters, which were distributed as
follows: 32 x 4 AAs, 28 x 4 ADs, and 34 x 4 AAbs (cadavers x strips). The results of the experiments
showed that the delamination strength was insensitive to the loading rate; rather, it differed
significantly according to the anatomical site on the aorta (AAs, ADs, AAb) and the orientation of the
specimen L vs. C. A study by Horny et al. [16] performed a correlation analysis with respect to the
length of the post-mortem interval, which revealed that the results were insensitive to the length of
the post-mortem interval that applied in our study. Particular attention was devoted to the correlation
of the delamination strength with age, which indicated a significant decrease in this respect [16]. In
contrast to Horny et al. [16], this study also presents the results of the correlation with atherosclerosis,
the histological structure, collagen maturation and other biochemical indices, which represent an
assessment from the perspective of the internal structure of the vessel wall.

2.9 Statistical analysis

Part of the statistical analysis was performed in GraphPad Prism software (ver. 10.0.2 (232), GraphPad
Software, San Diego, CA, USA). The normality of the data was verified applying the Shapiro-Wilk test
and the construction of Q-Q plots. The homoscedasticity was verified applying the Bartlett and Brown-
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Forsythe tests. Non-parametric analysis was employed since the assumption of normality or
homoscedasticity was violated. The Kruskal-Wallis test was performed with a subsequent post hoc test
based on the Dunn test (correction for multiple comparison). In the case of two-sample comparisons,
the two-tailed Dunn test (without correction) was applied. Statistical significance was accepted at p <
0.05. The effect sizes were calculated as nonparametric rank-biserial correlation coefficients [92] which
can be interpreted in the same way as the Pearson’s correlation coefficient, i.e. small effect (0.1 - 0.3),
medium effect (0.3 - 0.5) and large effect (0.5 - 1.0). This part of the statistical analysis was performed
in JASP (ver. 0.17.2.1, JASP Team 2023, University of Amsterdam, Netherlands). Box-plots with Tukey
intervals (whiskers) were employed for the graphical presentation of the data. The potential
correlation of the biochemical and histological parameters with age and the delamination strength
were determined by means of calculating the nonparametric Spearman correlation coefficients
(without assumptions of the Gaussian distribution) with a two-tailed p value (p < 0.05 rejects the
supposition that the correlation is due to random sampling).

3. Results

3.1 Biochemical and histological analyses

A summary of the results of all the biochemical and histological analyses performed for the three aortic
locations is provided in Figure 3. No differences were detected in the PEN content between the AAs,
ADs and AAb in the analysed tissues provided by the donors for our study purposes - it ranged from
30.7 to 43.9 pmol.g* (median) per weight of the dried sample. The hydroxyproline content was highest
in the AAb (3.6 wt%) and differed significantly from the content in both the ADs and the AAs (both 3.1
wt%), although the effect size was medium. The collagen maturity, determined as the ratio of the
1660/1690 sub-band areas, did not differ between the aortic sections (2.6 - 2.9), nor did the Ca content
(0.46 - 0.79 wt%) or the molar Ca/P ratio (1.46 - 1.62). The histological analysis, however, revealed
significant differences between the studied anatomical locations for the total thickness of the aortic
wall (AAs: 2.08 - 2.61 mm, ADs: 1.52 - 1.87 mm, AAb: 1.85 - 2.24 mm; interquartile range (IQR)),
thickness of the adventitia (AAs: 0.42 - 0.92 mm, ADs: 0.34 - 0.59 mm, AAb: 0.43 - 0.98 mm; IQR),
thickness of the media (AAs: 1.27 - 1.75 mm, ADs: 0.94 - 1.19 mm, AAb: 0.70 - 0.95 mm; IQR), and
thickness of the intima (AAs: 0.05 - 0.14 mm, ADs: 0.11 - 0.25, AAb: 0.25 - 0.45 mm; IQR). In all these
cases, the effect size was found to be medium or large. In the case of actin, the highest area fraction
was detected for the AAb (AAs: 0.20-0.27, ADs: 0.24 - 0.29, AAb: 0.25 - 0.39; IQR), whereas concerning
elastin, the AAb evinced the lowest area fraction (AAs: 0.38 - 0.49, ADs: 0.39 - 0.48, AAb: 0.30 - 0.40;
IQR); images are shown in Figure 4.

The quantitative biochemical and histological results obtained were further divided into groups
according to the degree of atherosclerosis. None of the samples exhibited grade 4 atherosclerosis
(ruptured plaques). Since the number of samples was too low to be able to adequately cover the
remaining four stages of atherosclerosis, the samples were pooled into two groups. The first group,
i.e. without, or with only mild indications of atherosclerosis (without or with mild signs of
atherosclerosis; H) consisted of tissues that were qualitatively rated as intact artery, with fatty streaks
or fibro-fatty plaques. The second group (with atherosclerosis; A) comprised the tissues in which
calcified plaques were detected. The merging of groups 0 and 1 represented a certain degree of
simplification; it was assumed that the pathological changes in group 1 had not yet significantly
affected the hemodynamic and biomechanical properties of the arterial wall [93].
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Figure 3. Biochemical and structural properties of the studied aortic segments. Pairs with p-values of <0.05 (the
Dunn nonparametric test, n=(20-32)) are marked with “*”. The effect size is indicated by the rank-biserial
correlation coefficients.

Figure 5 shows the results of the biochemical and histological analyses after the samples were
classified according to atherosclerosis. Interestingly, the presence of atherosclerosis did not appear to
be an important factor in terms of the values of the variables (PEN, hydroxyproline, collagen maturity,
Ca, Ca/P, wall thickness, actin, elastin and collagen contents) studied in our sample (Figure 5). The
aortic samples with atherosclerosis evinced differences that represented only small effect sizes
compared to the healthy samples and those that showed mild signs of atherosclerosis. This finding,
and the fact that the differences were not statistically significant, was undoubtedly influenced by the
relatively high variance in the data obtained. When we focused on the differences with the
predomination of the medium effect size in all three aortic segments, the differences between groups
H and A related mainly to the structural parameters of the intima thickness and the area fraction of
collagen types I+lll. With the exception of the increase in the intima thickness (median 51-95%,
medium or large effect size), the trend for the collagen I+11l area fraction differed across the 3 sections
of the aorta (AAs: -75%, ADs: -33%, AAb: +65%; medium effect size).
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Figure 4. Comparison of the elastin, type | collagen, vascular alpha smooth muscle actin and vasa vasorum in the
tunica media between the ascending, thoracic and abdominal parts of the aorta. A—The ascending aorta evinced
a higher fraction of elastin than the abdominal aorta (the Dunn nonparametric test). The elastic fibers and
membranes were stained using Orcein. B — All the aorta segments had the same fraction of collagen. Type |
collagen (yellow and red) was visualized by means of Direct red 80 and viewed under polarized light. C — The
abdominal aorta had a higher fraction of alpha smooth muscle actin than the ascending aorta. The alpha smooth
muscle actin positive cells were stained using anti-alpha smooth muscle actin. D — The vasa vasorum fraction was
the same in all the aorta segments. The endothelial cells of the vasa vasorum were stained using anti- CD31.
Scale bar 50 um (A-D).
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Figure 5. Biochemical and structural properties of the studied aortic segments. H indicates the samples without
or with mild signs of atherosclerosis and A indicates the samples with atherosclerosis. The pairs with p-values of
<0.05 (the Dunn nonparametric test, n=(2-23)) are marked with “*”. The effect size is indicated by the rank-
biserial correlation coefficients.

3.2 Fourier Transform Infrared analysis

FTIR analysis was employed both for the study of the collagen maturation (1660/1690 in Figure 5) and
to compare the samples with respect to their biochemical composition. An example of the difference
between the FTIR spectra of a 33-year-old woman and a 76-year-old man is provided in Figure 6. The
red spectrum (female, 33 years) contains only the amide bands of collagen and elastin. Another
spectral region, the so-called carbohydrate region (960-1140 cm™), is composed of several underlying
bands that refer to non-collagenous proteins, carbohydrate and proteoglycan [94]. In contrast, the
dark blue spectrum observed in Figure 6 (male, 76 years) refers to the 1740 and 1165 and 720 cm™
bands typical for aliphatic esters — lipids (pink rectangle). The bands at 2925 cm™ (asymmetric
stretching vibrations of CH,) [76] provide further evidence of the existence of lipids. In addition to
lipids, bands of cholesterol (yellow triangle) are also present. The blue spectrum also contains a band
of phosphate anions (dark green circles) in two of the spectral regions, i.e. 1000 — 1100 and 550 — 620
cm typical for apatite calcification. The presence of lipids, apatite and cholesterol in the spectrum of
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the 76-year-old man provides evidence of age-related changes in the biochemical composition of the
aorta.
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Figure 6. Comparison of the ATR-FTIR spectra of the AAb determined for a 33-year-old female (bottom, red
spectrum) with a 76-year-old male (top, dark blue).

3.3 Correlation with age

The results of the correlation analysis showed that there was strong correlation in the sample between
age and the collagen maturity, and age and the calcium content in all three anatomical locations
(Figure 7). These correlations were significant and positive (p < 0.05; for a detailed summary of the
Spearman rank correlation coefficients, see Table S1 in the Supplement). This demonstrated that
collagen maturation increases with age, as does the calcium content. When the data was pooled into
groups H (no or moderate atherosclerosis) and A (significant atherosclerosis), the correlations with age
were less conclusive (Table S1). Positive and statistically significant correlations were also further
observed in the group with atherosclerosis; however, concerning the non-atherosclerosis group, in no
cases were they statistically significant. However, this was probably influenced by the small sample
size (n=9-11) and the outlying points. The tendency concerning the determined PEN content was also
of interest, i.e. a decreasing trend was observed with age (Figure 7). Although the correlation was not
statistically significant, the observed trend indicates that the content of non-enzymatic crosslinks does
not increase with age. The other biochemical and histological parameters did not evince a clear
significant correlation with age (Table S1).
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Figure 7. Correlation of PEN, collagen maturation (1660/1690) and the Ca content with the age of the donors for
the 3 sections of the aorta. The open circles represent specimens without or with mild signs of atherosclerosis
(H), the filled circles represent specimens with atherosclerosis (A). Spearman rank correlation coefficients (r) and
two-tailed p-value (p) determined for the pooled data. The linear regression (the dashed line) is shown for
illustrative purposes.

3.4 Correlation with the delamination strength

The analysis of the relationship between the chemical and mechanical properties of the arterial wall
represented one of the key results of our study. Statistically significant correlations between the
biochemical and structural parameters and the delamination strength of the aortic segments aligned
in the longitudinal direction of the vessel were observed, particularly with concern to PEN and collagen
maturation (Figure 8). The Sq-L correlated positively with the PEN content in all the sections of the
aorta (r = 0.356 - 0.406, p<0.05). When the data was divided into groups with no or moderate, and
with significant atherosclerosis, the correlation was lost for the former group; however, the
atherosclerotic aortas continued to exhibit a correlation between PEN and the S¢-L in the AAs segment
and, moreover, the correlation was almost significant for the AAb. Regarding the collagen maturation
(Figure 8), negative correlations were statistically significant in all the sections of the aorta (r = -0.567
- -0.422, p<0.05) except for the AAb, while significant negative correlations were also confirmed for
the group of vessels with significant atherosclerosis (r = -0.688 - -0.488, p<0.05, all segments).
Concerning the other parameters, a particularly negative correlation between the Sq-L and the wall
thickness was observed only for the AAb in all the groups, and sporadic correlation was observed
between the Sq-L and the intima thickness (pooled data) for the AAs as was the case of the adventitia
thickness (positive correlation, AAs, pooled data). No other significant correlations between the S4-L
and the histological parameters were observed. A detailed summary of the Spearman rank correlation
coefficients is provided in Table S2 in the Supplement.
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(the dashed line) is shown for illustrative purposes.

In the case of the Sq4-C, no statistically significant correlations were observed to the extent detected for
the Sq4-L; however, an increasing trend was observed for the S4-C with the PEN content, as was a
decreasing trend for collagen maturation, which, again, were more pronounced in the merged and
atherosclerotic groups (Figure 9). Furthermore, negative correlations were determined for the calcium
content in the AAs (pooled data and group A). Concerning the histological parameters, no statistically
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significant correlations with the S4-C were determined, except for the elastin content in the case of the
AAs in group A (negative correlation). A detailed summary of the Spearman rank correlation
coefficients is provided in Table S3 in the Supplement.

3.5 Effect of the inflammatory environment on the Ca/P ratio

It is known that AGEs contribute to the calcification of the arterial wall [95-97]. The solubility and
stability of calcified plaques is influenced by their chemical entity, which can be characterized by the
Ca/P ratio. The character of deposits in early and advanced stages of atherosclerosis in human
coronary arteries differs significantly in terms of the Ca/P ratio [98]. A high Ca/P ratio of intense
calcification may be caused by Ca deposition with another anion, e.g. oxalate, hydroxide or even
carbonate, while lower ratios may be due to another inorganic phosphate. As has been proved by
several studies [99,100], vascular calcification depends mainly on the balance between the
concentration of inorganic phosphate anions and the synthesis of inhibitors, including pyrophosphate
(P207)* anions. In addition, the calcification of atherosclerotic plagques also involves the accumulation
of macrophages in the arterial wall. Atherosclerotic lesions contain not only cells that express classical
macrophage markers (M1), but also cells that express alternative macrophage markers (M2). M1
macrophages promote inflammation, while M2 macrophages increase pyrophosphate synthesis,
which suggests an anti-calcification effect [101]. It is also known that the pH value of advanced
atherosclerotic plaques decreases to lower than physiological values (up to 5.5), which, together with
the lower pH value caused by the inflammation present in the atherosclerotic tissue, may influence
the degree of plaque solubility. Therefore, one of the biochemical parameters investigated in this study
concerned the Ca/P weight ratio, which influences the solubility of calcified plagues. The results of the
determination of the Ca/P ratio and PEN (Figure 10) revealed an interesting finding on the degree of
the stability of calcium phosphate (CaP) plaques in relation to the presence of atherosclerosis. Positive
correlation of the Ca/P ratio with the PEN content was detected (r = 0.410, p < 0.05) in the tissues with
no or only mild signs of atherosclerosis, thus indicating an increase in the stability of the CaP deposits.
However, concerning the aortic tissues with atherosclerosis, the trend was reversed, i.e. negative
correlation with increasing PEN content was observed (r = -0.356, p < 0.05), thus indicating increasing
calcific solubility.

without or with mild

signs of atherosclerosis with atherosclerosis
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Figure 10. Correlation between the Ca/P ratio and PEN in all the sections of the aorta (pooled data) without or
with mild signs of atherosclerosis and with atherosclerosis. Spearman rank correlation coefficients (r), two-tailed
p-value (p). The linear regression (the dashed line) is shown for illustrative purposes.

4. Discussion

Aortic dissection is a life-threatening disease that consists of the delamination of the tissue of the
aortic wall [2,102—-106]. From the mechanical point of view, the formation and propagation of cracks
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in dissecting aorta indicates that the mechanical conditions locally exceeded the internal cohesion. The
cohesive properties of the arterial wall, which change over the human lifespan due to aging or diseases
such as atherosclerosis or arteriosclerosis, are key to understanding aortic dissection [2,16,104-106].
Unfortunately, there remains a lack of data on the biochemical composition of the aortic wall and its
relationship to the delamination strength. Thus, the main aim of our study was to provide data on the
biochemistry of the human aortic wall and to correlate the data with the delamination strength, and
in doing so, to take into account the aging changes to which human tissue is inevitably subjected.

The main result in terms of the delamination properties concerned the statistically significant positive
correlation between PEN and the internal cohesion of the aortic wall (Sd-L, Sd-C), Figs. 8 and 9. The
correlation was stronger for the longitudinal orientation of the samples which could be associated with
the internal organization of the medial layer of the aorta, which contains circumferentially oriented
SMC and collagen fibers that, together, create obstacles for tears that propagate in the longitudinal
direction. The higher correlation values observed for the longitudinal direction were in agreement with
our previous analysis of the correlation between the delamination strength and age [16].

Non-enzymatic crosslinking, attributed to AGEs, has, to date, been investigated from the
biomechanical perspective due mainly to its influence on the tensile properties, in connection with
which tissue stiffening and changed viscoelasticity have been observed [36,45,46,107—109]. In contrast
to the bulk material properties, only a limited number of papers have addressed the relationship
between non-enzymatic crosslinking and delamination. Wang et al. [56] performed a study that
focused on the effect of glycation on the interlamellar bonding of arterial elastin and found that
glucose treatment increased the delamination strength of the aortic walls. Our study suggests a similar
conclusion for the entire aortic wall, i.e. both elastin and collagen rather than for the purified elastin
network alone or any other individual component.

One of the ways in which AGEs crosslinking may contribute to enhancing the delamination strength is
via the reinforcement of radially running collagen fibers, which were proposed as an essential element
in terms of the cohesive properties by Pal et al. [110]. Positive correlation between the delamination
strength and non-enzymatic glycation expressed via the PEN concentration also appears to be in
accordance with clinical findings that suggest that diabetes lowers the risks of dissection and even
reduces the mortality rate [57-62].

In contrast to non-enzymatic crosslinking, the maturation of collagen expressed in the FTIR analysis by
means of the 1660/1690 sub-band areas revealed negative correlation with the Sd-L and Sd-C (Figures
8 and 9, Tables S2 and S3). The delamination strength decreased significantly with collagen maturation
with respect to all the aortic segments in the atherosclerotic aortas group (Sd-L), as well as to the AAs
and ADs in the pooled H and A group. Similar results were obtained for the delamination strength as
determined for the samples that were delaminated in the circumferential direction (Sd-C). Increasing
maturation accompanied by decreasing delamination strength are in agreement with the general
concept of age-related changes that act to worsen the physiological conditions of the cardiovascular
system.

However, the fact that the results suggest that enzymatic and non-enzymatic crosslinking play
contradicting roles in terms of the cohesive properties was somewhat surprising. Enzymatic
crosslinking, represented by collagen maturation, correlates negatively with the delamination
strength, whereas AGEs-induced non-enzymatic crosslinking led to an increase in this respect. These
differing impacts on the material cohesion can theoretically be explained by the different binding sites
at which crosslinking occurs. Enzymatic crosslinking is usually described as intra-molecular, whereas
non-enzymatic crosslinking has been described as mainly inter-fibrillar [35,37,40]. Collagen that is
intra-molecularly reinforced by enzymatic crosslinking may represent an element that more easily
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perforates the glycosaminoglycan ground substance of tissues to which it is exposed, while
simultaneously evincing enhanced tensile stiffness. Conversely, the inter-fibrillar bonds induced by
non-enzymatic crosslinking may exert a limited impact on the tensile properties, but may be engaged
in the load carrying process when delamination, considered generally as sliding process, occurs.
Nevertheless, at the level of our study, it is not possible to provide a definitive explanation since the
spatial arrangement of collagen fibril bundles (intra-laminar fibrils versus radially running inter-laminar
fibrils) undoubtedly plays a role in the propagation of tears between the elastic laminae in the tunica
media of the aorta.

The results of the determination of age-related changes in the PEN concentration in our study were
somewhat surprising. The majority of the papers studied in the literature review indicate that AGEs
naturally accumulate in tissues with increasing age [111,112]. However, the results obtained for the
available tissues showed that the PEN content rather than increasing with age evinces a decreasing
trend, which was statistically insignificant except for the ADs. The occurrence of PEN in tissues may
also be affected by a number of metabolic diseases, e.g. diabetes, chronic kidney disease,
cardiovascular disease, chronic inflammation associated with autoimmune diseases such as
rheumatoid arthritis, etc. [65,113—-117]. Although AGEs are elevated primarily in the elderly, they may
also be overproduced in younger people under specific conditions such as the enhanced glyco-
oxidative loading of the organism, metabolic syndrome or increased oxidative and carbonyl stress. In
contrast, a number of studies have shown that the use of certain drugs or antioxidants significantly
inhibits the production of AGEs, as well as under certain physiological conditions such as
hyperbilirubinemia in Gilbert’s syndrome, where bilirubin in the body acts as a very potent antioxidant
to prevent the production of AGEs [118]. A further study revealed that the concentrations of AGEs and
pentosidine also decrease following a reperfusion injury of the heart (myocardial reperfusion injury)
[65]. Therefore, it is possible that our result was influenced by other factors concerning the state of
health, which, however, we are unable to comment on since no medical records were available for the
purposes of our study. Thus, the reason for the decreasing trend in the PEN content (albeit largely not
statistically significant) in the tested aortic tissues remains unknown since the adopted methods, based
on the use of cadavers, did not allow us to exclude all the potential sources of uncertainty, especially
with regard to details of the health status. Further research employing more detailed clinical data that
would allow for the selection of samples according to the diagnosis would contribute significantly to
the results of our study; however, this is not possible at the present time.

Interesting data was provided in previous studies that focused on cross-linking and post-translational
modifications of the collagen in the dilated and non-dilated aortas of patients with bicuspid aortic valve
(BAV) and tricuspid aortic valve (TAV) [119-121]. Wagsater et al. [119] showed a lower rate of collagen
glycation (PEN) in undilated BAV aortas compared to undilated TAV and suggested that BAV is
associated with increased collagen turnover in the aorta even prior to the formation of aneurysms.
The dilated aortas of TAV patients evinced higher levels of inflammatory markers than those of BAV
patients, and the dilated aortas of BAV patients manifested mature collagen fibers and lower collagen
turnover, thus suggesting intrinsic aortic fragility. With concern to non-dilated aortas, this study also
showed a lower PEN expression in BAV aortas than in TAV aortas, thus suggesting the presence of
young collagen and an impaired maturation process. However, it is not possible to generalize based
on these observations since patients with BAV, the most common congenital heart disease, represent
a mere 1-2% of the population [120,121].

A study by Chung et al. [120] proved that the delamination strength (Sd) of the ascending aorta
significantly decreased with age with respect to both outer curvature (OC) and inner curvature (IC)
aortic samples, thus demonstrating a strong association between age and Sd . In addition, multivariable
linear regression revealed that both the age and BAV were independent predictors of Sd. Moreover,
aneurysms in TAV were found to have a lower Sd than those in BAV, even after adjusting for age. They
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also proved that BAV is associated with higher degrees of aortic stiffness than is TAV, and that
aneurysms in BAV evince a higher delamination strength than in TAV, thus suggesting that the
presence of BAV exerts a protective impact.

Age-related changes may also be manifested by other mechanisms that were beyond the scope of this
study, e.g. via the content of proteoglycans as the third major component of connective tissues [35].
Such age-related changes at the proteoglycan level may lead to medial degeneration and the
development of conditions that facilitate dissection or the formation of aneurysms [103,122]. Cikach
et al. [122] focused on proteoglycan accumulation in thoracic aortic aneurysm and dissection (TAAD)
and described the molecular changes observed in the aortic wall that promote dilatation and
predisposition to dissection such as tissue swelling caused by aggrecan and versican, which is thought
to severely impair the mechanics of the aortic wall and smooth muscle cell homeostasis, thus creating
a predisposition to dissection. These results suggest that the accumulation of large aggregating
proteoglycans may account for the deleterious events in TAAD, and that aggrecan and versican are
potential biomarkers of the severity of the disease and the risk of aortic dissection.

It is known that AGEs enhance calcification in vascular tissue [95—97,123]. The results of our study (Fig.
10) confirmed that in this respect one must distinguish between atherosclerosis and arteriosclerosis
as different pathological conditions with differing etiologies [28—31]. This is clearly demonstrated in
Fig. 10, where the Ca/P ratio highlights the differences in terms of calcification under conditions with
and without or with mild signs of atherosclerosis. Indeed, AGEs are essential for the arteriosclerotic
(Monckeberg sclerosis) process, which involves predominantly the calcification of the elastic
membranes of the tunica media [30,32,124,125]. However, the underlying development of the overall
chemical environment of atherosclerotic lesions is altered in the presence of an inflammatory process
(inflammation is known to significantly change the pH for example) and we can observe that the effect
of PEN was attenuated. Thus, in effect, the atherosclerotic process appears to lead to the formation of
calcium phosphate deposits that evince a different solubility than when the influence of age-related
AGEs only is involved [126,127].

It should also be noted that our study provides potentially important insights for the mathematical
modeling of the cohesive properties of the arterial wall. A large number of mathematical models that
describe the mechanics of blood vessels have been reported in the expert literature [8,128,129]. As
mechanobiology, which emphasizes the linking of biological processes to the forces carried by cells
and tissues, becomes increasingly topical, the need for quantitative biochemical and microstructural
data on the vascular wall has increased due to its creating the basis for the structural interpretation of
the parameters in mechanobiological constitutive models [5,8,129—-132]. In contrast to bulk material
properties such as the tensile strength and the elastic modulus, the cohesive properties that are critical
for diseases such as aortic dissection have, to date, only rarely been modeled in this way [2,104,105].
One of the reasons concerns the lack of data on the biochemical composition and its relationship to
the delamination strength. The correlation of the chemical composition data with the delamination
strength provides the basis for the interpretation of the parameters applied in traction-separation
laws, which mathematically express the cohesion of the arterial wall [106].

4.1 Limitations of the study

Our study, naturally, has several limitations that should be noted. One of the limitations mentioned
previously concerns the fact that since the samples were collected during autopsies, we were unable
to access the detailed medical records of the donors. Hence, some of the factors that could
theoretically explain, for example, the high variance that did not allow for the drawing of unequivocal
conclusions when dividing the donors into the without and with or mild signs of atherosclerosis groups
(Fig. 6), remained hidden, which may have confounded the results. Nevertheless, when working with
human samples, it is not possible to expect the same conditions as when experimenting with
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laboratory animals. Moreover, it should also be taken into account that it is difficult to transfer ageing-
induced changes in the human physiology to laboratory models with completely different life
expectancies (months versus up to a century). A knowledge of the medical history of the donors would
have been advantageous in terms of the interpretation of the findings; however, it is worth noting that
our main aim was to determine the causal relationships between the biochemical characteristics
obtained and the cohesive properties. Thus, the 3-year collection of tissue represents an essentially
random selection process which potentially provides new insights that might not have been detected
employing a precisely stratified sample. Thus, our study on the tissue samples obtained primarily
reveals those properties that significantly influence the delamination strength.

A further limitation of our study concerned the performance of a wide range of analyses on the same
samples. Mechanical tests were performed, the PEN, hydroxyproline and calcium contents were
determined, and the FTIR and SEM analyses and the histological evaluations were conducted on each
of the sections of the aorta, which placed strict limitations on the weights and the number of samples
studied. Whilst the performance of multiple analyses on the same samples was one of the advantages
of this study, it inevitably resulted in the restriction of the number of repetitions and, in particular, the
low volumes analysed may have led to misleading results or wide variances due to the high degree of
heterogeneity of aortic tissue.

The dimensional limitation in terms of obtaining samples led to a certain degree of inaccuracy when
assigning the observed values, whether concerning the biomechanical properties or, for example, the
biochemical content, to exact positions on the aorta, with regard to both the length-wise direction and
the circumference. As detailed in a previous study [16], the delamination strength was in all cases
determined for 4 strips with a finite length and width (typically 8 mm x 60 mm). The dimensions of the
samples for the biochemical and histological analyses subsequently needed to be added to these
dimensions. Thus, the most accurate possible determination of the location at which to assign the
detected quantity, e.g. Sq, was 4 x 8 x 60 mm. This did not allow us to specify, for example, how the
individual observed quantities were distributed around the circumference of the aorta and should be
understood as the average value for the given segment. As discussed in [16], the anatomical segments
were sampled in such a way that the proximal part was in all cases the AAs segment and the middle
part of the aortic length was always the ADs and AAb segments.

A further limitation associated with the dimensions of the samples concerned the naturally
inhomogeneous character of aortic tissue. For example, the determination of the calcium content is
fundamentally influenced by the local presence of calcified plaques in the aortic walls. Similarly, the
determination of PEN and hydroxyproline is affected by the heterogeneity of the samples, which,
moreover, increases with age. The results of the calcium, PEN and hydroxyproline analyses were based
on the weight of the vessel portion, which, in addition to the protein portion also contains fat,
cholesterol and calcium phosphate (Figures 6, 11 - 13). Thus, the results may have been affected by
the biased mass balance; for example, if a substantial part of the sample mass comprises
atherosclerotic plaque, the PEN value in the organic part will be higher than in the whole of the sample,
the mass of which is substantially affected by the presence of an inorganic component that does not
contain PEN. In contrast, the FTIR applied for the evaluation of the ratio 1660/1690 amide | spectral
band, i.e. the protein portion, is not impacted by this factor since the spectral bands of cholesterol,
lipids and CaP plaques are not present in the amide | band. Therefore heterogeneity does not present
a major limitation in terms of the determination of the collagen matrix. The determination of the Ca/P
ratio by means of EDS, which was related in this study to the solubility rate of the calcified plaques,
was performed from the full wall thickness (further examples of EDS maps are provided in Figures S1
and S2 in the Supplement). Thus, the calcium content, as an element, is influenced by its presence
outside calcium deposits, for example, in calcium channels.
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Figure 11. A: Example of a break-out section composed of cholesterol, lipids and an apatite mixture in the media
part of the AAs (male, 76 years); bar 5 mm. B: pathological calcification lesion in the media part of the AAb (male,

64 years); bar 5 mm.
-I

L
- =

Figure 12. Example of the mapping of calcium and phosphorus elements by means of EDS. A: male 65 years, mag.
230x, bar 500 um; B: male 43 years, mag. 150x, bar 500 um. The color scale represents the weight percentage
of the element (Ca or P). The inhomogeneity of the Ca and P distribution is evident from the EDS analysis. The
donor B tissue contains a small amount of homogeneously dispersed elements, whereas the donor A tissue
probably contains a calcified plaque in the medial part, in the vicinity of which the concentration of both elements
is minimal.
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Figure 13. Atherosclerotic lesions. A — The abdominal aorta with atherosclerotic changes. Three layers were
observed:, namely the remodeled tunica intima (progressive intimal fibrosis with accompanying atherosclerotic
changes), tunica media, and tunica adventitia. Staining using Orcein. B — Atheroma of the aorta, which consists
of amorphous material and empty spaces that previously contained lipid-rich material. Staining using Orcein. C
— Accumulation of lipids (red arrows) in the intima, which are washed out following histological processing, thus
leaving empty spaces. Staining using Verhoeff's hematoxylin and green trichrome. D — Neovascularization (brown
vessels - red arrow) in the intima. Staining using antibody anti-CD31. E — Cholesterol crystals (red arrow) in the
intima. Staining using Verhoeff's hematoxylin and green trichrome. F — Foam cells (macrophages phagocytize
lipid and transformation into foam cells - red arrows) in the intima of the aorta wall. Staining using Verhoeff’s
hematoxylin and green trichrome. Scale bars 500 um (A) and 50 um (B-F).

5. Conclusion

This study addressed the correlation of the delamination strength with the results of the
comprehensive biochemical and histological analysis of the human aortic wall collected via the
examination of 34 cadavers during regular autopsies. The study further aimed to correlate the changes
in the composition with age. A total of 16 parameters were determined and correlation was sought
with the delamination forces in both the longitudinal and circumferential directions of the vessel as
determined using identical samples. The measured parameters comprised the pentosidine,
hydroxyproline and calcium contents, the calcium/phosphorus molar ratio, the degree of
atherosclerosis, the area fraction of elastin, collagen type | and lll, alpha smooth muscle actin, vasa
vasorum, the vasa vasorum density, the aortic wall thickness, and the thicknesses of the adventitia,
media and intima determined by means of quantitative histology.
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The results show that the vast majority of the quantities determined did not correlate with age, with
the exception of the calcium content and collagen maturation (enzymatic crosslinking). A further
interesting finding concerned the decreasing trend of the pentosidine content with age (in most cases
without statistical significance), which was most likely due to the differing medical histories of the
donors, a factor that could not be determined.

The main results refer to the differences between the enzymatic and non-enzymatic crosslinking and
the differences caused by the presence of atherosclerosis. It was shown that whereas the non-
enzymatic crosslinking of collagen tends to decrease with age, and in doing so increases with the
delamination strength, the enzymatic crosslinking of collagen evinces the opposite trend, i.e. the rate
of maturation increases with age accompanied by a decrease in the delamination strength of the wall.
The results suggest that enzymatic and non-enzymatic crosslinking play contradicting roles in terms of
the cohesive properties. These opposing effects may well be related to the different binding sites at
which collagen and elastin enzymatic and non-enzymatic crosslinking occur in their complex
hierarchical structure. Although our results were burdened by a degree of variability that, in some
cases, prevented the determination of the statistical significance of the observed differences, the
positive correlation between the pentosidine content and the delamination strength is particularly
consistent with knowledge on the course of aortic dissection in diabetic patients obtained from the
clinical setting.

The results also revealed an interesting trend in terms of the molar ratio of calcium and phosphorus,
which reflected the differing solubility rates of the calcium phosphate plaques present in the aortic
tissue samples analyzed. Assuming that AGEs (PEN) contribute to the calcification of the arterial wall,
it was observed that the Ca/P ratio increases with increasing degrees of calcification in tissues without
or with mild signs of atherosclerosis. Concerning tissues affected by atherosclerosis, this ratio
decreases with the increasing rate of calcification. This may indicate that as the rate of calcification
increases, the presence of atherosclerosis leads to the formation of calcium phosphate plaques with a
higher solubility than in the case of tissue without or with mild signs of atherosclerosis. This process
may be associated with inflammation and a decrease in the pH in the presence of atherosclerosis.

The contribution of this study lies in the detailed biochemical comparison of the enzymatic and non-
enzymatic crosslinks of vascular tissues and their influence on the delamination parameters since, to
the best of our knowledge, no such comprehensive studies exist in the literature. A further benefit
concerns the notification of the limitations of the various analytical methods applied, which is an
important factor that must be taken into account in such studies. We believe that our study also
provides potentially important insights for the mathematical modeling of the cohesive properties of
the arterial wall by providing the basis for the interpretation of the parameters applied via traction-
separation laws.
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