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SUPPLEMENTARY MATERIALS 

SUPPLEMENTARY METHODS 

Functional parameters 

Measurement of blood pressure

Currently, multiple more or less invasive methods exist 

to study blood pressure in animals. In our case we have 

chosen the tail-cuff method, which is non-invasive and 

the closest to those measurements taken in humans. 

Other available methods require anesthesia and/or 

delicate surgery and are not suitable for the study 

of aortic remodeling. However, the tail-cuff method 

requires adaptation of the animals, handling, restraint 

and swelling of the sleeve of the Sphygmomanometer. 

Regularization is carried out every day, one week before 

the test. The final measurement is the average of five 

successive measurements as described in [1, 2]. Three 

parameters were analyzed, the pulse, the systolic (SBP) 

and diastolic (DBP) blood pressures. From these, the 

mean arterial pressure (MAP) and the pulsed pressure 

(PP) can be deduced from: PAM = 2/3 PAD + 1/3 PAS; 

PP = PAS – PAD. If the SBP and/or DBP of aged 
C57Bl/6 were statistically superior to the pressure of the 

young C57Bl/6 mice, then we considered the mice to be 

hypertensive. 

Pulse wave velocity (PWV) 

The velocity measurement is done in anesthetized 

animals (4% isoflurane, 10 min). The measurement 

can be made either from ultrasound probes (Indus 

Instruments, Webster, TX, USA), one placed at the 

level of the aortic arch and the other at the level of 

the abdominal thoracic aorta near the bifurcation of 

the iliac arteries. While the Doppler ultrasound system 

can measure a velocity limited to portions of arteries 

(carotids, aortic arch), this method considers the entire 

aorta and gives a more general idea of the rigidity of the 

vessel. 

High-frequency ultrasound imaging 

High resolution ultrasound imaging was performed with 

anesthetized animals (isoflurane 4%). The animals were 

depilated with hair removal cream and placed on a 

heated table (37°C). For ultrasound measurements, a 

Vevo3000 ultrasound imaging system (VisualSonics, 

Toronto, Canada) with a 30 MHz linear signal transducer 

was used for measurements of anatomical and functional 

parameters of left ventricle of heart needed to determine 

factors such as ejection fraction, cardiac output, fractional 

area change, fractional shortening, stroke volume, end-

systolic volume (LVESV), and end-diastolic volume 

(LVEDV). At the level of the aortic arch, the diameter 

of the vessel was measured during the cardiac cycle 

(systole, Ds-diastole, Dd), as well as the pulse wave 

velocity (PWV) and the thickness of the tunica intima-

media (h). Distensibility factor (DC) and Young’s 

modulus (E) were derived by Bramwell and Hill [3] 
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respectively. From the 

conclusions of Brands et al. [4], the local variation 

of the pressure during the cardiac cycle (DP) 

and the compliance (CC) can then be deduced as: 
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Additional 

information is available in the Supplementary Materials 

section. 

Vascular reactivity 

We investigated the effects of aging on ex vivo 

aortic reactivity. Wild-type mice were anesthetized by 

intraperitoneal injections of pentobarbital sodium (150 

mg/kg). Once euthanasia was complete, their hearts 

were removed. Vascular reactivity studies were carried 

out, as described in [5]. A midline incision was made 

through the sternum to open up the thoracic cavity, and 

the descending thoracic aorta was carefully isolated. 

Each aorta was sectioned into 3.5 mm rings devoid 

of fat and connective tissue. The rings were placed 

in Kreb’s-Henseleit (KH) solution under 5% CO2 and 

95% O2 atmosphere at 37°C. The aorta rings were 

maintained under a 1.3 g tension (previously determined 

as the optimal point for their length-tension relationship) 

and allowed to equilibrate for 1 h. All rings were 

pre-constricted with potassium chloride (KCl). After 

rinsing, phenylephrine (between 10−9 and 3.10−5 mol/L) 

was added to the medium. The constriction was 

expressed as a percentage of the KCl response. The 

endothelium function was measured as the relaxation 

response to acetylcholine (between 10−9 and 3.10−5 

mol/L). The degree of relaxation was calculated 

considering the maximal contraction obtained with 

phenylephrine. 

Biochemical parameters 

Cross-linking assay 

Protein analysis was performed as described in [6]. 

Briefly, for collagen crosslink analysis, samples were 

reduced by sodium borohydride (Sigma, Germany; 25 
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mg NaBH4/ml in 0.05 M NaH2PO4/0.15 M NaCl pH 

7.4, 1 h on ice, 1.5 h at room temperature) and digested 

with high purity bacterial collagenase (C0773; Sigma, 

Germany; 50 U/ml, 37°C, 12 h). The soluble fractions 

containing collagen cross-links were hydrolyzed in  

6 N HCl at 110°C for 24 h. The hydrolysates were 

precleared by solid phase extraction. Dried eluates were 

analyzed on an amino acid analyzer (Biochrom 30, 

Biochrom, Cambridge, UK). The nomenclature of the 

crosslinks used in the article refers to the reduced 

variants of crosslinks. The collagen content was 

analyzed in an aliquot of hydrolyzed samples of the 

collagenase soluble fraction prior to preclearance and 

calculated based on a content of 14 mg hydroxyproline 

in 100 mg collagen. For protein and elastin crosslinks 

analysis, samples were digested with bacterial 

collagenase [7]. The soluble fraction containing 

collagen was subjected to hydrolysis and amino acid 

analysis. The residual fraction was extracted by hot 

alkali (0.1 N NaOH, 95°C, 45 min). The supernatant 

containing non-collagenous/non-elastin proteins and the 

insoluble residue containing insoluble elastin were 

subjected to hydrolysis and amino acid analysis. The 

content of elastin crosslinks was analyzed in an aliquot 

of the NaOH-insoluble fraction containing elastin after 

CF-11 preclearance by amino acid analysis. 

 

Gene expression 

 

Was analyzed by qPCR, as previously described [20]. 

Total RNA was extracted using Trizol reagent (Eurobio 

Scientific, Les Ulis, France). The RNA concentration 

was measured using a NanoDrop system (Thermo Fisher 

Scientific, Illkirch, France). The 260/280 ratio was 

calculated, using NanoDrop software, to evaluate protein 

contamination. Complementary DNA (cDNA) was 

generated using a Verso cDNA kit (Thermo Fisher 

Scientific, Illkirch, France). Real-time PCR was 

performed using SYBR Green on a BioRad CFX96 

Real-Time System (Bio-Rad, Hercules, CA, USA). In 

this study, 5 µl cDNA (1/10) and 0.7 µl of each forward 

and reverse primer (3 µM) were used for the qPCR test, 

with cycling conditions as follows: 95°C for 15 minutes, 

40 cycles of 95°C for 10 seconds, and 60°C for  

60 seconds. RNA expression was normalized to the 

housekeeping genes 36B4 and RPS26, and relative gene 

expression was calculated using the 2−ΔΔCT method. 

Supplementary Table 2 presents the forward and reverse 

sequences. 

 

Imaging parameters 

 

Raman spectroscopy/imaging 

Raman measurements were performed with a Witec 

alpha 300R confocal Raman microscope (Witec GmbH, 

Ulm, Germany). Paraffin cross-sections (3 µm thickness) 

of aortas underwent deparaffinization by a consecutive 

row of xylene and ethanol steps and were rehydrated  

in PBS. Samples were kept hydrated during the entire 

measurement. For each sample, two images were 

acquired of an area of 80 × 90 µm, at a spatial 

resolution of 0.5 × 0.5 µm/pixel and an integration time 

of 0.05 s/spectrum. A green laser (532 nm) with an 

output power of 60 mW, a 600 g/mm grating and a 63× 

water dipping objective were selected for the 

measurements. Sections from 7 animals were measured 

for each group. 

 

Data analysis 

First, data were preprocessed by cosmic ray removal, 

baseline correction (shape algorithm), cropping to the 

wavenumber region between 300–3000 cm−1 and 

normalizing (area to 1 normalization). True component 

analysis (TCA, Witec Project 5.2 Software) was 

performed for image generation. Briefly, the TCA 

algorithm identifies most prevalent spectral signatures 

in the Raman maps, the corresponding pixel and thus 

allows to generate intensity distribution heatmaps for 

each component. For further in-depth analysis of 

molecular changes, single spectra were extracted from 

the preprocessed TCA images and analyzed by 

principal component analysis (PCA). PCA allows to 

decompose the spectral information to a defined 

number of vectors (principal components, PC), which 

elaborate spectral similarities and differences that can 

be explained by the corresponding loadings plot. PCA 

was performed for elastic fibers and the interfibrillar 

ECM. 400 spectra were extracted per animal and 

applied for PCA. Statistical analysis was performed by 

comparing the average score values of each animal 

(GraphPad Prism 9, unpaired t-test). 

 

Atomic Force Microscopy (AFM) 

 

Frozen 10 µm-thick aorta cross-sections were incubated 

in KH solution for equilibration at 37°C. The prepared 

samples were put onto the microscope stage and 

observed with bright field illumination to locate the 

spots of interest. Analysis was performed using AFM 

(Bioscope Catalyst, Bruker, Billerica, MA, USA, driven 

by the Nanoscope Analysis 1.8 software) coupled to a 

Nikon Eclipse Ti inverted microscope (Nikon, Tokyo, 

Japan). To obtain a representative set of values for  

each cross section, AFM analyses were performed at 

three different locations of the cross section, and each 

experiment was triplicated, leading to nine different 

areas analyzed per condition. Experiments were 

performed in the KH buffer using the Peak Force 

Quantitative NanoMechanical (PFQNM) mode with 

ScanAsyst-air probes (Bruker, Billerica, MA, USA) 

with a nominal spring constant of 0.4 N/m and a 

nominal resonant frequency of 70 kHz. For the 
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PFQNM calibration, the standard supplier protocol was 

applied to obtain quantitative measurements of the 

Young’s modulus (YM). First, the deflection sensitivity 

was calibrated, before use in the buffer, by carrying out 

indentation ramps on a clean and hard sapphire surface. 

Then, the cantilever spring constant was calculated 

before and after each experiment, following the thermal 

tuning method. The last step was to calibrate the 

curvature radius of the tip using a standard titanium 

tip check sample. This curvature radius was confirmed 

by performing a test measurement of the YM of a 

calibrated known sample. A PeakForce frequency of 

0.25 kHz was used to maximize the contact time 

between the tip and the sample, and the PeakForce 

amplitude was set to 2 µm. The distance synchronization 

parameter was manually and constantly adjusted over 

time so that the turnaway point of each force curve was 

exactly at the (x, y) maximum position. Images were 

captured with a resolution of 256 pixels per line. Once 

the different AFM images were acquired, the force 

curves were extracted from chosen areas in the PFQNM 

images for the YM calculation, and the conventional 

Derjaguin–Muller–Toporov (DMT) model was used to 

fit the linear part of the extension curve, as it was 

identified as the best suited model according to the tip 

geometry and the properties of the samples. The YM at 

each point of the elastic fibers or of the inter-fiber spaces 

was calculated using a value of the Poisson ratio of 0.5 

for our samples considered incompressible. For each 

condition, at least 5000 force curves were treated to 

obtain the mean values of the YM for the elastic fibers 

and the inter-fiber spaces. The analyses were performed 

at three different locations in each cross-section, for a 

total of nine cross-sections obtained from three different 

mice. 

High-resolution X-ray microscopy 

Sample preparation 

Aorta specimens from 6-month-old mice (n = 4) and 20-

months-old mice (n = 4) were received embedded in 

paraffin. The paraffin was removed by immersion in 

xylene for 30 min, followed by staining with a 0.5% I2 

in ethanol solution for 30 min. After immersion in 

xylene once again for 30 min, the sample was embedded 

in paraffin and, using a heated blade, it was manually cut 

into sections of ca 500 µm thickness orthogonal to the 

aorta longest axis. Afterwards, the sample was glued 

onto the tip of a metallic pin with the aid of a stereo 

microscope. 

X-ray imaging

A Carl Zeiss Xradia 810 Ultra X-ray microscope

equipped with a chromium source (5.4 keV) was used in

the imaging experiments. The sample located onto the

tip of a metallic pin was inserted in the sample holder of

the device and the experiments were performed using 

Zernike phase-contrast. Samples were scanned using 

a field-of-view of 64 m2. A total of 901 projection 

images, with an exposure time of 20 s each, were 

acquired by rotating the sample over 180o. Each sample 

was imaged for two or more times, and the reconstructed 

volumetric images were stitched after reconstruction. 

Image reconstruction was performed by a filtered 

back-projection algorithm using the XMReconstructor 

software integrated into the Xradia 810 Ultra and the 

final images have isotropic voxel size of 128 nm. The 

tomograms obtained were exported as a stack of 16-bit 

TIFF images for stitching and visualization in Thermo 

Fischer Avizo software (version 3D 2021.1). 

Scanning electron microscopy 

Defrosted samples were deposited onto a SEM stub and 

treated with NanoSuit® Aqueous Solution (Electron 

Microscopy Sciences) according to the manufacturer 

instructions. Samples were imaged in a Scanning 

Electron Microscope FEI Quanta 3D FEG Dual-Beam 

working at an acceleration voltage of 5 kV. 
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