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Background and aims: The arterial wall calcium score and circulating free DNA levels are 

now used in clinical practice as biomarkers of cardiovascular risk. Calcium phosphate apatite 

retention in the arterial wall necessitates precipitation on an anionic platform. Here, we 

explore the role of tissue-free DNA as such a platform.  

Methods: The first step consisted of histological observation of samples from human and rat 

calcified arteries. Various stains were used to evaluate colocalization of free DNA with 

calcified tissue (alizarin red, fluorescent Hoechst, DNA immunostaining and TUNEL assay). 

Sections were treated by EDTA to reveal calcification background. Secondly, a rat model of 

vascular calcifications induced by intra-aortic infusions of free DNA and elastase + free DNA 

was developed. Rat aortas underwent a micro-CT for calcium score calculation at 3 weeks. 

Rat and human calcifications were qualitatively characterized using µFourier Transform 

Infrared Spectroscopy (µFTIR) and Field Emission-Scanning Electron Microscopy (FE-

SEM). 

Results: Our histological study shows colocalization of calcified arterial plaques with free 

DNA. In the intra-aortic infusion model, free DNA was able to penetrate into the arterial wall 

and induce calcifications whereas no microscopic calcification was seen in control aortas. The 

calcification score in the elastase + free DNA group was significantly higher than in the 

control groups. Qualitative evaluation with µFTIR and FE-SEM demonstrated typical calcium 

phosphate retention in human and rat arterial specimens. 

Conclusions: This translational study demonstrates that free DNA could be involved in 

arterial calcification formation by precipitating calcium phosphate apatite crystals in the 

vessel wall. 
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INTRODUCTION 

The arterial wall is a frequent target of the abnormal process of soft tissue calcification, 

associated with numerous vascular pathologies, including atherosclerosis, aging, renal failure, 

diabetes and rare genetic diseases1. Therefore, the arterial wall calcium score quantified by X-

ray scanning is now used in clinical practice as one of the strongest biomarkers of 

cardiovascular risk2,3. Nevertheless, the pathophysiology of initial calcium phosphate 

precipitation in the vascular system is probably not unique, and remains not completely 

understood4. This process necessitates changes in the balance between ionized calcium and 

phosphate concentrations, under the control of smooth muscle cell (SMC) alkaline 

phosphatase, which hydrolyzes organic phosphorous5 as substrate for phosphate release 

within the arterial tissue. It also necessitates calcium phosphate precipitation on anionic 

platforms, usually represented by matrix vesicles6. Indeed, there are arguments that initial 

calcium phosphate precipitation7 could be, at least in part, associated with cell stress and 

death, via the release of phosphorous from intracellular metabolism and pro-calcifying 

membrane phospholipid-rich micro-particles8-10. On the other hand, the poly-anionic nature of 

free DNA causes it to strongly interact with cationic calcium phosphate, and DNA is an 

important source of phosphates. For example, hydroxyapatite columns were initially used to 

purify DNA11, and calcium phosphate nanoparticles are now used as vectors for cell DNA 

transfection12. Nevertheless, to the best of our knowledge, the role of arterial wall free DNA 

in the initiation of calcifications has not yet been explored in the microenvironment of 

atherosclerotic pathologies. 

The purpose of this study was to explore the colocalization of free DNA and calcifying 

nucleation in initial atheroma in human aortic tissue and in intraluminal buds in the late stages 

of femoral atherosclerosis, to define the nature of these calcified nuclei, and lastly, to develop 
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an animal model in which arterial calcifications are induced by intraluminal infusion of 

fragmented autologous DNA. 
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MATERIALS AND METHODS 

This study consists of 2 parts: (1) the histological examination of calcifications from human 

and rat arteries, (2) the characterization of a rat model of vascular calcifications, induced by 

intra-aortic infusions of free DNA in various situations. 

 

Histological examination of calcifications from human and rat arteries 

Human arteries 

Samples of apparently healthy human aorta (n=6) from the Inserm U1148 Biobank were 

analyzed. Aortas that displayed early stages of atheroma (fibrous cap atheroma) were 

analyzed further. Aortas were obtained from deceased organ donors with the authorization of 

the French Biomedicine Agency (PFS 09-007) and after submission of a legal statement to the 

French Ministry of Research. Samples were fixed in 5% paraformaldehyde, embedded in 

paraffin and cut into 6 µm-thick sections for histological analysis. Similarly, samples of 

stenosed common femoral arteries (n=6), obtained at endarterectomy from our vascular 

surgery department (Xavier Bichat Hospital, AP-HP, 75018 Paris), were also fixed, embedded 

in paraffin and cut for histological analysis with or without prior treatment with 

ethylenediaminetetraacetic acid (EDTA). This EDTA treatment was used because of its 

ability to chelate calcium phosphate, thereby revealing background hidden by calcium 

phosphate precipitation. 

Rat aneurysmal aortas 

Aortic samples from rats that underwent intraluminal aortic perfusion of pancreatic elastase, 

along with, or without, repeated injections of Porphyromonas gingivalis (PG) as previously 

described13, were fixed in 5% paraformaldehyde and embedded in paraffin to obtain 6 µm-

thick sections for histological analysis. 
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Histological examination  

Harvested arteries were embedded in paraffin and 6 µm sections were cut. Sections were 

deparaffinized and rehydrated in toluene and ethanol baths. Several stains were used: 

hematoxylin-eosin or Masson’s trichrome to explore the arterial structure, Alizarin red to 

detect calcifications, Hoechst (binding of DNA Adenine and Thymine), DNA 

immunostaining (ab27156, Abcam) and TUNEL assay (fragmented DNA, Roche) before and 

after decalcification by EDTA incubation, for free DNA visualization.  

 

Rat model of vascular calcifications 

Free DNA preparation 

Two Wistar rats were sacrificed under pentobarbital anesthesia (0.3 cc/100 g). Both lungs 

were harvested and kept at -20°C. The QIAamp DNA blood maxi (Qiagen) kit was used with 

some modifications of the protocol. Forty mL of ATL Qiagen lysis buffer and 4 mL of 

Qiagen proteinase K were added and incubated with lungs overnight at +56°C to rupture cell 

membranes. The 46 mL resulting solution was homogenized and distributed into 4 tubes. In 

each tube, 11.5 mL of AL Qiagen buffer and an equal volume of absolute ethanol were added. 

Following a 15-minute centrifugation at 760 G, the supernatant was loaded onto 4 Qiagen 

columns including a silica membrane to fix free DNA.  

After two washings of each column, free DNA was then eluted with 1 mL of sterile water. 

Optical densities were measured at 260 and 280 nm using a NanoDrop spectrophotometer to 

assess the quality and quantity of the resulting DNA solutions. Aliquots of 300 microL were 

sonicated for 36 minutes with intermittent cooling periods at 4°C each 6 minutes. The 

ultrasound waves caused the fragmentation of DNA. Fragment sizes were measured by 

agarose gel electrophoresis with a DNA scale and were comprised between 100 and 600 bp. 

Following fragmentation, DNA was mixed with a Hoechst solution. 
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Surgical procedure: in vivo intra-aortic perfusion of free DNA 

Male Wistar rats (7-8 weeks, 300-350 grams) were randomized for intra-aortic infusion of 

various solutions: free DNA alone, elastase infusion followed by free DNA infusion, elastase 

alone and isotonic saline alone (control group). The procedure and the animal care complied 

with the principles formulated by the National Society for Medical Research (animal facility 

agreement: n° B75-18-03, experimentation authorization n° 75-101), and this study was 

performed after a favorable decision of the Institutional Review Board for Animal Care, with 

the declaration (n° 5743) to the French Ministry of Research. 

The technique was similar to the aneurysm model of intra-aortic perfusion of pancreatic 

elastase14. Briefly, following general anesthesia with pentobarbital and midline laparotomy, 

the abdominal aorta was exposed over 15 millimeters. Collaterals were ligated using 9/0 

polypropylene sutures. The aorta was clamped below the renal artery and at the level of the 

bifurcation, this isolating an infra-aortic segment. A distal transversal arteriotomy allowed 

introduction of a polyethylene microcatheter PE-10 (Clay Adams, Parsippany, NJ) into this 

segment. The distal aorta was secured to the catheter to avoid leaks and the infrarenal aortic 

segment was perfused at 0.55 mL/h constant flow for 20 minutes. After perfusion, the catheter 

was retrieved and the aortotomy closed using interrupted sutures of polypropylene 10/0. The 

midline laparotomy was closed in a standard fashion and an analgesic subcutaneous injection 

of Buprenorphine (0.1mg/kg) was given. 

Perfused solutions 

Rats were first perfused with an elastase solution (25%) or with an isotonic solution (NaCl 

9‰, control animals) during 5 minutes. Then, animals were perfused with the fragmented 

DNA (0.25 µg/µL) or with the same isotonic solution (control animals). This allowed us to 

constitute four study groups: (1) the control group (solely perfused with isotonic saline 

solution), (2) a group perfused with elastase alone, (3) the free DNA alone group and (4) the 
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elastase + free DNA group.  

In order to visualize the localization of fragmented DNA in the aorta 12 hours after its 

perfusion, 2 additional rats underwent intra-aortic perfusion with the fragmented DNA 

solution (0.25 µg/µL) labeled with Hoechst 33342 (100µM). 

Ex vivo quantification of calcifications with micro-CT analysis 

Volumetric imaging was performed with the Quantum FX micro-Computed Tomography 

(micro-CT, PerkinElmer) from the dental faculty of Montrouge (EA 2496 team imaging 

platform). Ten rats that had undergone intra-aortic perfusion of elastase + free-DNA three 

weeks previously were anesthetized with pentobarbital. Their aortas were examined 

sequentially with the Quantum FX micro-CT. The calcium score was established by 

calculating the ratio between the volume of calcium crystals and the total sample volume 

using dedicated software (CTAn, Sky Scan) as described by Awan et al.15 

Ex vivo tissue analyses 

All rats (except the two perfused with the fragmented DNA labeled by the Hoechst solution) 

were sacrificed 3 weeks after the intra-aortic perfusion. Intraperitoneal anesthesia with 

pentobarbital was performed. Before death, the vascular system was washed with 40 mL of 

isotonic saline using a polyethylene PE50 catheter introduced through the left carotid artery, 

and 20 mL of formalin were perfused. Abdominal aortas were harvested and both separated 

into two parts. The first part was fixed in a 3.7% paraformaldehyde (PFA) solution and the 

second part was frozen at -80°C.  

For the two rats perfused with free DNA associated with the Hoechst 3342 solution, one was 

sacrificed immediately after the intervention and the other one, after 12 hours. Abdominal 

aortas were harvested as previously described and frozen in optimal cutting temperature 

(OCT).  
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Harvested aortas were treated as described above (see “Material and Methods” section, 

“Histological examination of calcifications from human and rat arteries” subsection).  

 

Qualitative evaluation with µµµµFourier Transform Infrared Spectroscopy (µµµµFTIR) and 

Scanning Electron Microscopy (SEM)16 

Spotlight 400 µFTIR Imaging system (Perkin Elmer) from the College de France was used to 

perform a comparative ex vivo qualitative evaluation of rat and human calcifications. The 

µFTIR spectrometer was equipped with a liquid nitrogen-cooled 16-element linear array 

Mercury Cadmium Telluride (MCT) detector. Aortic slides were disposed on Low-E slides. 

Neither prior preparation nor staining was necessary. Target zones were pre-identified using 

Alizarin red staining on serial sections. All µFTIR spectra were collected in the mid-infrared 

from 4000 cm−1 to 650 cm−1 using 16 cm−1 spectral resolution and 64 accumulations for each 

collection by the array. Absorbance wavelengths of different samples were obtained with the 

Spectrum software (Perkin Elmer).  

A Zeiss SUPRA55-VP SEM was used for observation of calcification microstructure. This 

field-effect “gun” microscope (FE-SEM) operates at 0.5-30 kV. High-resolution observations 

were obtained using two secondary electron (SE) detectors: an in-lens SE detector and an 

Everhart-Thornley SE detector. To maintain the integrity of the samples, measurements were 

made at low voltage (between 0.5 and 2 kV) without the usual deposits of carbon on the 

surface of the sample. 

 

Statistical analyses 

Statistical analyses were performed using the StatView software v5.0 (SAS Institute Inc, 

Cary, NC). Calculated variables are expressed as median with interquartile range. Results 
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were compared using the non-parametric Kruskal-Wallis and Mann-Whitney tests. A p value 

<0.05 was considered significant.  
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RESULTS 

Histological examination of calcifications from human and rat arteries, and 

colocalization with free DNA 

Human arteries 

Spontaneous calcifications in early human atheroma 

Although the human aortas examined were supposed to be healthy, 50% (3/6) presented 

macroscopic signs of early atheroma, including fibrous cap atheroma. Histological 

examination revealed microscopic calcifications. These calcifications were demonstrated by 

Alizarin red in intimal areas of fibrous cap atheroma. Sometimes, Alizarin red staining 

extended to the medial layer and potentially also to the macroscopically healthy aorta (Fig. 

1A). Alizarin red staining was suppressed by pre-incubation of the section with EDTA (Fig. 

1B). DNA immunostaining and Hoechst staining showed extracellular free DNA within 

calcified areas (Fig. 1D-I). TUNEL assay revealed similar results (data not shown). In 

contrast to calcifications, this extracellular free DNA background was not suppressed by 

EDTA (Fig. 1E, H and I). This colocalization of calcifications with DNA was found in all 

human atherosclerotic specimens (Supplemental Fig. 1). 

 

Characterization of spontaneous calcifications in human aortas  

The different absorption bands of calcium phosphate apatite (CA), amorphous carbonated 

calcium phosphate (ACCP) and hydroxyapatite crystals (HA) are well known (Fig. 2A). More 

precisely, the ν4 O-P-O bending mode corresponds to the doublet at 602-563 cm-1, while the 

ν1 and ν3 P-O stretching vibration modes are measured at 960-962 cm-1 and 1035-1045 cm-1, 

respectively. Note that the bands at 3570 and 633 cm-1 corresponding to the stretching and 

vibrational modes of the OH- groups are almost absent for the biological apatites, namely CA, 

since human apatites are OH- and calcium-deficient. Finally, a key point in the analysis is 
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related to the presence of a shoulder around 1065 cm-1 in the ν3 absorption band, which can 

be used as a fingerprint for the presence of the ACCP compound. Our analysis revealed that 

spontaneous calcifications in humans are mainly characterized by the presence of ACCP, and 

to a lesser extent by CA entities as demonstrated by the shape of the 1074 cm-1 band (Fig. 2B 

and C, corresponding to the serial section of the Supplemental Fig. 1: plaque shoulder in 

fibro-atheroma). These results were confirmed by SEM, which showed typical calcium 

phosphate retention in human aortas (Fig. 2D).  

 

 

Intraluminal calcified buds in human femoral artery 

Intraluminal buds of heavy calcifications were observed in the endarterectomy plaques from 

the human femoral artery (Fig. 3). These heavily calcified buds did not allow usual sectioning 

after fixation and paraffin embedding. After treatment of the section by EDTA (rendering the 

sample to be cut), these buds were histologically characterized by the presence of remnant 

Alizarin red positive areas (Fig. 3A and B), red blood cells surrounding calcifications 

(Fig.3C) and free DNA detected by DNA immunostaining (Fig. 3D-F) and Hoechst staining 

(Fig. 3G-H).  

 

Rat aneurysmal aortas 

As in humans, experimental aneurysms in rats have been reported to contain calcifications in 

association with free DNA release13. Here we used in vivo CT scan to detect calcifications in 

elastase-induced experimental aneurysms in rats (Supplemental Fig. 2A). These calcifications 

were also histologically observed in the wall of these aneurysms (Alizarin red, Supplemental 

Fig. 2B). Hoechst used before EDTA treatment mainly stained cell nuclei but not calcification 

background (Supplemental Fig. 2C). In contrast, after EDTA treatment, Hoechst no longer 
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stained cell nuclei but the extracellular free DNA, which colocalized with Hoechst positive 

areas even after EDTA treatment of the section (Supplemental Fig. 2D). The presence of 

DNA background was confirmed by immunochemistry of extracellular free DNA 

(Supplemental Fig. 2E) after EDTA. 

 

Rat model of vascular calcifications 

Intra-aortic penetration of free DNA 

Hoechst prestaining of perfused free fragmented DNA (without Hoechst direct staining of the 

section) demonstrated an intense intramural localization twelve hours following intra-aortic 

DNA infusion. The three aortic layers (intima, media and adventitia) displayed positive 

stained DNA, demonstrating that the free fragmented DNA had largely penetrated into the 

arterial wall (Fig. 4A-D).  

Visualization of calcifications with Alizarin red 

At 3 weeks, no microscopic calcification was seen in sham aortas perfused with saline (not 

shown). Calcifications appeared in the abdominal aortic segment perfused by free fragmented 

DNA, as punctiform Alizarin red staining before EDTA treatment and positive Hoechst 

staining after EDTA treatment (Fig. 4E-H). Among the study groups, nearly no calcifications 

were detected in the control group and in the elastase group. However, 7/9 (78%) and 8/9 

(89%) rat aortas presented microscopic calcifications, in the free-DNA group and the elastase 

+ free-DNA group, respectively.  

Ex vivo quantitative evaluation of aortic calcifications   

A total of 36 rat aortas were analyzed ex vivo using micro-CT (9 in the free DNA group, 9 in 

the elastase + free DNA group, 9 in the elastase group and 9 controls perfused with saline). 

The calcification sites appeared as white radiopaque areas (Fig.5A and B).  
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The calcification scores were statistically different between the groups (p=0.003; Kruskal-

Wallis test). The calcification score was significantly higher in the elastase + free DNA group 

compared to the elastase alone group (p=0.005), and the control group (p=0.002; Fig. 5C).  

Characterization of calcifications induced in rat aortas 

µFTIR experiments performed on a set of rat aortas from the elastase + free DNA group 

demonstrated the presence of CA deposition via the measurements of the absorption band 

positioned at 1026 cm-1 (Supplemental Fig. 3). In contrast to human arteries, there was less 

ACCP deposition. 
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DISCUSSION 

The etiopathogenesis of microcalcifications in the arterial wall probably varies depending on 

local and general environment14. In particular, two stages have been identified: a first one in 

which cell-released extracellular microvesicles, exosomes and apoptotic bodies are identified 

as hot spots of calcium phosphate precipitation15, due to the presence of exposed phosphatidyl 

serine, annexins, S100A910, and the release of inorganic phosphorus or phosphates, and a 

second one in which vSMCs acquire an osteoblast-like phenotype leading to the development 

of bone-like tissue within the arterial wall16. In this context, prelamin A has been identified as 

promoting vSMC calcification and senescence by inducing DNA damage17. Since calcium 

phosphate can be cleared by fetuin, a circulating plasma protein able to form complexes with 

it18, calcium phosphate must be precipitated on a matrix as a necessary step in order to be 

retained within the soft tissue. 

In the present study we identified free DNA as a potential nidus for calcium phosphate 

precipitation and hydroxyapatite crystallization in the early stages of human atheroma. We 

colocalized free DNA with sites of calcification development in human aortic fibrous cap 

atheroma (Fig. 1). A well-formed plexogenic core surrounded by an overlying fibrous cap 

characterizes fibrous cap atheroma19. The plexogenic core is made of a combination of lipids 

and cellular debris while the fibrous cap consists in vSMC in a collagenous proteoglycan 

matrix, with varying degrees of infiltration by macrophages and lymphocytes. Initial plaque 

formation is characterized by the disappearance of vSMCs and DNA release, particularly in 

the shoulder area. We also identified similar aspects in the shoulder of initial aortic plaques 

(Supplemental Fig. 1). Since the calcium phosphate precipitation could limit the accessibility 

of the DNA ligand, we pretreated the sections with EDTA, a chelator of divalent cations, a 

method that allows the subsequent detection of DNA by an anti-DNA antibody, TUNEL 

assay or Hoechst staining. Noteworthy, EDTA also chelates ionized iron. 
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Observations with a FE-SEM to depict the structural characteristics of abnormal deposits at 

the nanometer scale have been performed. On the very same samples, their chemical 

identification at the micrometer scale has been made via µFTIR spectroscopy. Previous 

publications20, 21 have already underlined the fact that such physicochemical techniques are 

able to provide more significant information than staining procedures alone (such Alizarin red 

or Von Kossa technique for example). In our case, we were able to point out the presence of 

amorphous carbonated calcium phosphate (ACCP), a chemical phase considered as the 

precursor of calcium phosphate apatite (CA), in combination with CA in human arteries (Fig. 

2). Such observations may indicate that, in human arteries, we observed a dynamic 

phenomenon including the very first steps of the calcification process highlighted by ACCP 

presence, along with a more advanced phase characterized by CA. In contrast, the rat 

calcifications appeared to only display isolated CA. This may be related to the characteristics 

of our experimental model in which a single free DNA perfusion was performed three weeks 

before sacrifice. An earlier observation of the perfused rat aortic wall may reveal a 

combination of ACCP and CA. This point remains to be demonstrated in further study.  

Macroscopically, calcified intraluminal buds leading to stenosis are more frequent in femoral 

than in carotid arteries22. Therefore we raised the question of the potential role of free DNA in 

the formation of this specific form of stenosis. Using EDTA-induced incomplete 

decalcification, we observed that intraluminal calcium phosphate accumulation usually 

developed on a collagen matrix background and was always associated with micro- or 

macrohemorrhages. This EDTA-resistant background was enriched by DNA, which can be 

detected by Hoechst 33342 and an anti-DNA specific antibody. The intraluminal budding of 

calcification could be related to an initial luminal protrusion of calcium phosphate crystals on 

which circulating free DNA could bind, causing calcium phosphate to precipitate, forming a 

vicious circle of DNA/calcium phosphate precipitation23. 
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The aortic wall of human AAA is highly calcified. We recently published in an experimental 

model of AAA that repeated injections of weak pathogens increased the aneurysm diameter 

by increasing the neutrophil content in the intraluminal thrombus24, enhancing both the 

content and release of cell-free DNA and wall calcifications in rat13. Thus, here we tested the 

hypothesis that this increase in calcifications could be linked, at least in part, to the presence 

of free DNA. We also observed that vascular calcifications in human atherosclerosis were 

always associated with micro- or macrohemorrhages. In this context, rigid calcifications in the 

distensible arterial wall introduce a compliance mismatch between the calcification and the 

soft tissue and failure stress with tears at the interface25-27. One of the methodological 

consequences of this phenomenon is the difficulty in using fluorescent technology for 

immunostaining, due to the autofluorescence of hemoglobin. 

Finally we developed a rat model of intraluminal infusion of free small fragments of DNA 

alone, or associated with elastase, in order to enhance the radial convection of DNA through 

the aortic wall. In this model, DNA pre-stained with Hoechst 33342 was easily detectable 

throughout the wall and the infused segment developed nidi of calcification. These nuclei 

could be due to a direct ability of free DNA to precipitate calcium, although an indirect effect 

cannot be completely excluded. In this experimental model, the quantity of calcium 

precipitate measured by microCT appeared to be grossly associated with the level of radial 

convection of DNA. The calcium score was significantly higher in the elastase + free DNA 

group, and it should be recalled that elastin breakdown might play a direct role in calcium 

phosphate precipitation28. Of note, infusion of elastase without DNA failed to create 

substantial calcifications. 

Vascular calcifications have been particularly studied in the setting of end-stage renal disease 

(ESRD) with dialysis29, and in a less manner in diabetes mellitus30. The incidence of vascular 

calcifications is highly increased in these conditions31 and is associated with an increased 
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cardiovascular risk32. Recent works demonstrated that circulating free DNA was increased in 

these settings33 and also associated with cardiovascular morbi-mortality34,35. Our study 

demonstrates that radial convection of free DNA allows it to precipitate with calcium 

phosphate overload. Therefore, increased levels of free-DNA combined with defective 

clearance36 could be involved in vascular calcifications observed in ESRD and diabetes 

mellitus patients. Since other mechanisms of vascular calcification have been previously 

described in these settings, this point remains to be confirmed in specific experimental 

models.  

Taken together, these different observational and experimental results suggest that free DNA, 

present in the arterial tissue in relation to cell death, could represent one type of molecular 

platform able to initiate calcium phosphate precipitation and CA crystal formation. This 

mechanism does not exclude the other well-described biological processes, particularly that 

involving microvesicle formation by injured cells9, 37.  
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FIGURE LEGENDS 

Fig. 1. Colocalization of free DNA and calcifications in a human aortic fibrous cap atheroma 

(x20).  

EDTA treatment is used to remove calcium crystals. Calcification detection by Alizarin red 

before (A) and after (B) EDTA treatment of the section. Macroscopic view is shown in C: the 

yellow lipid core is luminally covered by a white fibro-cellular cap. Corresponding 

extracellular DNA detected by immunostaining before (D) and after (E) EDTA treatment of 

the section (DNA in brown). Negative control is shown in F. Hoechst staining is initially 

negative (G) but EDTA treatment reveals a free DNA background (H, I) in the calcified area.  

 

Fig. 2. Characterization of calcium phosphate crystals in early human plaques.  

(A) Reference infrared spectra of different calcium phosphate compounds: micrometer size 

crystals of hydroxyapatite (HA; red), nanometer scale crystal of calcium phosphate apatite 

(CA; blue), and amorphous carbonated calcium phosphate (ACCP; black).  

(B) Infrared cartography and (C) spectra of ACCP (blue) and CA (red) in the shoulder of a 

human atherosclerotic plaque (Alizarin red).  

(D) Visualization of calcium phosphate crystals by Scanning Electron Microscopy 

 

Fig. 3. Colocalization of free DNA with calcification in intraluminal buds of a human femoral 

artery endarterectomy after treatment of sections by EDTA. 

 Alzarin red staining (A, B) confirms the presence of calcification (in orange), even after 

EDTA treatment. These calcifications are associated with the presence of red blood cells 

(RBC) after Diaminobenzidine (DAB) coloration (C). Besides some nuclei, DNA 

immunostaining confirms the association of free DNA with hydroxyapatite crystals (D, E, F). 
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Hoechst staining confirms the free DNA background in areas of hydroxyapatite crystals (G, 

H).  (I) Macroscopic aspect of corresponding intraluminal buds in a human femoral artery 

showing the presence of blood associated with calcified lesions.  

 

 

Fig. 4: Transmural convection of luminally-infused free DNA across the arterial wall. 

Hoechst staining reveals punctiform presence of infused free fragmented DNA (A) in the 3 

layers of the arterial wall (intima, media, adventitia; B, C, D) 12 hours after infusion. The 

perfused free DNA was prestained by Hoechst whereas the section was not Hoechst-treated. 

Therefore, the Hoechst positivities only correspond to perfused DNA.   

Twenty-one days later, Alizarin red staining shows the presence of punctate nuclei of 

calcification within the media (E). After calcification removal by EDTA (F), Hoechst 

staining, which was initially negative (G), reveals the free DNA background (H). The crystal 

structure is recognizable on this high magnification inset (X40). (*) indicates the suture line 

on the serial sections. 

 

Fig. 5: Quantification of calcifications in rat aortas infused by free fragmented DNA using 

microCTscan.  

(A) View of a control aorta perfused by saline. (B) View of an aorta perfused by free DNA; 

calcifications in white. (C) Histogram of quantitative calcification scores (calcified volume 

/total volume of tissue X 10-5, ***  means p<0.05 between the groups) 
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Figure 1: Colocalization of free DNA and Alizarin red positive area in the shoulder of a 

lipid core from fibrous cap atheroma (x20). 

Free DNA is stained using Hoechst (A) without EDTA treatment. Calcification areas are 

stained using Alizarin red in the corresponding shoulder area (B).   

 

Figure 2: Calcifications of experimentally induced AAA in rat abdominal aorta.  

(A) In vivo visualization of circumferential calcifications (white arrows) by CTscan in an 

experimental model of aneurysmal abdominal aorta in rats.  

(B) Nanozoomer reconstitution of the aneurysmal artery with Alizarin red staining of the 

dilated aortic wall. Below: enlarged view (X20) of the area of the calcification nucleus.  

(C) Corresponding area stained by Hoechst before treatment of the section by EDTA.  

(D) Corresponding area stained by Hoechst after treatment of the section by EDTA 

demonstrating the presence of tissue-free DNA associated with a calcification nucleus.  

(E) Immunohistochemistry of free DNA (DAB, brown) in the corresponding area. 

 

Figure 3: Characterization of calcium phosphate crystals in rat aortas infused by 

elastase and fragmented free DNA.  

(A) Experimentally induced calcification nuclei (Alizarin red, red for calcifications).  

(B) Infrared cartography and (C) infrared spectra identifying calcium phosphate apatite (CA) 

alone. In the cartography, colors indicate CA intensity based on the 1026 cm-1 position (green 

line).  

(D) Scanning Electron Microscopy showing calcium phosphate deposition. 
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Highlights: 

- Free DNA colocalizes with calcifications in human and rat arteries 

- EDTA calcium chelation allowed to identify free DNA as background of calcification 

- A calcification model based on intra-aortic free DNA infusion is presented 

- Free DNA may serve as an anionic platform precipitating calcium phosphate  

 


