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Abstract: Vascular calcification (VC), is a common complication in patients with chronic kidney disease and 

increases mortality. Although oxidative stress is involved in the onset and progression of this disorder, the 

specific role of some main redox regulators such as catalase, the main scavenger of H2O2, remains unclear. In 

the present study, epigastric arteries of kidney transplant recipients, an in vivo model of VC and an in vitro 

model of VC exhibiting catalase overexpression (Cts) were analyzed. Peri-calcification areas of human 

epigastric arteries have increased levels of catalase and cytoplasmic rather than nuclear RUNX2. In the in vivo 

model, advanced aortic VC concurs with lower levels of the H2O2 scavenger, glutathione peroxidase 3 

compared to controls. In an early model of calcification using vascular smooth muscle cells (VSMCs), Cts 

VSMCs showed the expected increase in RUNX2 total levels. However, Cts VMSC also exhibited lower 

percentage of the nucleus stained for RUNX2 in response to calcifying media. At this early model of VC we did 

not observe dysregulation of mitochondrial redox state, an increase in general redox state was observed in the 

cytoplasm. These in vivo and in vitro results highlight the complex role of antioxidant enzymes as catalase in 

the process of VC by regulation of RUNX2 location. 

Keywords: vascular calcification; catalase; CKD; RUNX2; epigastric arteries; DIGE 
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1. Introduction 

Vascular calcification (VC) is one of the most common co-morbidities associated with Chronic 

Kidney Disease (CKD) [1]. CKD is defined as kidney damage associated to a reduction of the 

glomerular filtration rate for at least 3 months [2]. The loss of renal function affects serum biochemical 

levels of calcium, phosphorus, alkaline phosphatase and parathormone (PTH), having a progressive 

serious impact on vascular, heart, bone and parathyroid gland functions [1,3]. VC results as a 

deposition of hydroxyapatite crystals in the medial or intima layers of arteries. It is a complex process 

that includes redox alterations, cell reprogramming, inflammation and extracellular matrix 

degradation among others [4]. Incidence of VC increases progressively during CKD [5] although 

there is some individual propensity whose causes remains unclear [3].  
Redox species are one of the main mediators of cell signalling, homeostasis and metabolism. 

Among reactive oxygen species (ROS), hydrogen peroxide (H2O2) is an effective secondary messenger 

that can diffuse to different cell compartments and the extracellular space [6]. In the context of 

vascular tissue, there are two redox metabolites essential for vascular homeostasis, nitric oxide which 

acts mainly at endothelium level [7] and H2O2 which regulates proliferation, differentiation and 

contractility of vascular smooth muscle cells (VSMCs) of the media layer [8]. ROS have to be 

contained in specific cell compartments and within the beneficial range of concentration (oxidative 

eustress) by antioxidant molecules (i.e. glutathione, GSH), and antioxidant enzymes, such as GSH 

peroxidases or catalase that have specific locations to perform their functions [6]. In pathological 

conditions this balance favours ROS production causing deleterious effects (oxidative distress).  
In VSMCs this distress causes VC, increased levels of H2O2 alone have been shown to induce VC 

in VSMC through the osteogenic transcription factor Runx2 [9]. In addition, it has been shown a 

protective effect of various antioxidants against calcium and phosphorus induced VC [10]. Catalase 

is the most effective H2O2 scavenging enzyme and catalase polymorphism are associated with 

prevention of arterial aging [11]. However, there are very few studies about their implication in 

cardiovascular disease or in CKD [12,13] and their results were inconclusive. A recent report has 

shown a potential protective role of catalase in VC [14]; the following work examines the role of redox 

metabolism in VC associated to CKD (VC-CKD). 

2. Materials and Methods 

2.1. Kidney transplant recipient clinical data and epigastric arteria collection 

Epigastric arteries were collected from kidney transplant recipients (N= 17). A section of 

epigastric artery was fixed in formaldehyde 4% and embedded in paraffin for immunohistochemistry 

analysis. Clinical data including demographic characteristics (sex, age, smoking status and body 

mass index), comorbidities (hypertension and hyperlipidaemia), treatments (time on dialysis), and 

biochemical parameters (serum phosphate and calcium) at the time of transplant were collected. All 

patients provided their informed consent to participate. The study was conducted according to the 

principles of Helsinki and approved by the Research Ethics Committee of the Principality of Asturias.   

2.2. Experimental model in vivo: establishment of vascular calcification in Wistar rats 

The in vivo study was performed according a previously described model to induce VC [15,16]. 

Briefly, in 18 four months old male Wistar rats, chronic renal failure (CRF) was induced by surgical 

7/8 nephrectomy as previously detailed [17] and fed a high phosphorus diet (HPD: 0 .9% phosphorus, 

0.6% calcium and 20% protein content) (Panlab, Barcelona, Spain) for 20 weeks. Other 10 rats were 

sham-operated and fed a normal phosphorus diet (NPD: 0 .6% phosphorus, 0.6% calcium and 20% 

protein content). 
Rats were housed in wire cages and received diet and water ad libitum. The protocol was 

approved by the Laboratory Animal Ethics Committee of the Oviedo University. Serum creatinine, 

urea, albumin, calcium and phosphorus were measured at the end of study.  
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2.3. Experimental in vitro calcification model: primary culture of mice VSMCs overexpressing catalase 

Primary cultures of VSMCs were obtained from the aorta of nephrectomized mice C57/BLJ6 wild 

(WT) (N= 5) and transgenic overexpressing the antioxidant enzyme catalase (Cts) (N=5) as previously 

described [18]. Briefly, 2- to 3- mm of aorta fragments (explants) were placed into fibronectin pre-

coated (100 µg/mL) culture dishes with of Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, 

Verviers, Belgium) supplemented with 20% fetal bovine serum (ThermoScientific HyClone, South 

Logan, UT). Pools of primary VSMC (N=5 each group) were obtained from explants of aortas from 

five C57/BLJ6 wild mice and five transgenic mice overexpressing catalase. Primary VSMCs were 

grown for four passages and cryopreserved. The cells were thawed, and the different experiments 

were performed between passages 6 and 8. Replicates were done with different cryopreserved cells. 

Cells were cultured in DMEM medium supplemented with fetal bovine serum at 10% to 

subconfluence and then exposed to non-calcifying medium (non-CM) with DMEM/F12 (Lonza, 

Verviers, Belgium) supplemented with 0.1% albumin or calcifying medium (CM) adding phosphate 

and calcium to non-calcifying medium reaching final concentrations of 3 and 2 mM, respectively. 

Cells were incubated under these conditions for 4 days. All the experiments were carried out with 

cells below passage 8th.  

2.4. Analytical and technical procedures 

2.4.1. Aortic calcification measured in kidney transplant recipient 

Von Kossa staining was used to semiquantitative assessment of epigastric aortic calcifications. 

Tissue sections of 3 µm thickness were deparaffinised, rehydrated, and stained with an aqueous 

solution of 3% silver nitrate (LabKem) for 5 minutes and subsequently incubated with soda-formol 

solution [0.5% sodium carbonate (Merck) + 25% formaldehyde 37% (Merck)] for another 5 minutes. 

Sections were rinsed in 5% sodium sulphate for 5 min followed by a solution of 1% Ponceau S (Merck) 

+ 0.5% Fuchsin Acid (Merck) for 20 minutes and then dehydrated and mounted. Calcification was 

assessed semi quantitatively according to staining extent: 0= negative; 1= microcalcifications; 2= mini 

calcifications and 3= large calcifications + a coefficient (proportion of calcified artery wall thickness + 

degrees of calcified artery circumference divided by 100). Patients were grouped in negative (Von 

Kossa score=0) and positive (von Kossa score> 0) von Kossa staining. 
In addition, epigastric aortic calcification has also been measured by the o-cresolphtalein 

complexone method [19]. Briefly, a fragment of frozen epigastric arteria were homogenized in 0.6 N 

HCl at 4°C with gently shaking for 24 hours. Upon centrifugation, calcium content was determined 

colorimetrically in the supernatants. The remaining pellet was resuspended in lysis buffer (125 mM 

Tris, 2% SDS, pH 6.8) for protein extraction and quantification by DC method (Bio-Rad Laboratories). 

Calcium content was normalized to total cell protein and expressed as µg calcium /mg protein.  

Kauppila score (KS) [20] was used to semi-quantitative assessment of abdominal aortic 

calcifications. Briefly, a lateral plain lumbar X-ray that included the first through fourth lumbar 

vertebrae was used to measure the severity of the anterior and posterior aortic calcifications on a 0-3 

scale for each lumbar segment and the results were summarized in an antero-posterior severity score 

ranged from 0 to 24. X-ray images were evaluated by the same radiologist who was blinded to the 

patient’s data.  

2.4.2. Expression and location of catalase and RUNX2 in epigastric arteries  

EnVision FLEX Mini Kit (Agilent-DAKO, K8024) and Dako Autostainer system were used for 

immunohistochemistry (IHC). Paraffin embedded epigastric arteries sections (3µm) were 

deparaffinized, rehydrated and epitope retrieval by heat induction (HIER) at 95ºC for 20 min and pH 

9 (K8004, Agilent-Dako) in the Pre-Treatment Module, PT-LINK (DAKO). Endogenous peroxidase 

activity was blocked with EnVision™ FLEX Peroxidase-Blocking Reagent (DM821). The sections 

were incubated with polyclonal goat anti-catalase antibody (SC34285, 1/100; Santa Cruz 

Biotechnology) or polyclonal rabbit anti-RUNX2 antibody (SC10758, 1/50; Santa Cruz Biotechnology) 
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and diluted in EnVision™ FLEX Antibody Diluent (Agilent-Dako K8006) for 30 minutes and 

afterwards with Polyclonal Rabbit Anti-Goat (P0449) for another 30 minutes only for catalase IHC. 

The antigen-antibody reaction was detected with the Dako EnVision + Dual Link System-HRP 

(Agilent-Dako) that contains goat anti-mouse and anti-rabbit immunoglobulins (Ig) conjugated to 

peroxidase-labelled polymer in Tris-HCl buffer. The signal was detected using diaminobenzidine 

chromogen as substrate in Dako EnVision™ FLEX /HRP (Agilent- Dako DM822). Sections were 

counterstained with hematoxylin. Negative controls were processed by omitting the primary or 

secondary antibody.  

2.4.3. Protein analysis by 2D-DIGE 

Aortas from sham-operated rats (without VC) (N=3) and nephrectomized rats fed HPD with VC 

(N=3) as determined by Von Kossa-positive staining [21] were pooled into 2 groups and analyzed by 

2-dimensional difference gel electrophoresis (2D-DIGE). Protein identification was carried out by LC-

ESI-MS/MS on a Q-TRAP instrument (Applied Biosystems, Foster City, CA) coupled to a nano-HPLC 

(Ultimate 3000, Dionex/LC Packings, Sunnyvale, CA). Spectra were processed with MassLynx 4.0 and 

database searching was done with Mascot search engine (Matrix Science) against UniProt release 

2011_11 as previously described [16]. A protein was considered identified when at least two different 

peptides were detected. Protein localization and function was assigned according to PubMed and 

SwissProt information. 

2.4.4. Catalase protein levels and activity in VSMCs primary culture 

For Western-blot, total proteins from WT and Cts were collected in RIPA buffer and quantified 

by Bradford assay (Bio-Rad). Equal amounts of protein (30 µg) were subjected to electrophoresis and 

transferred to PVDF using SDS-PAGE following standard procedures. After 1 hour incubation in 3% 

BSA-TRIS blocking solution, protein detection was performed using specific antibodies for catalase 

(sc-34285) and beta-actin (MS-1295-P, Neomarkers). Membranes were incubated overnight at 4 ºC at 

1:5000 dilution and 1:8000 dilution respectively. Secondary antibodies were incubated for 1 hour at 

room temperature (1:10000 dilution rabbit antigoat IgG for catalase, Cat: 401504, Calbiochem; 1:10000 

dilution goat anti-mouse IgG for beta-actin, Cat: 401215, Calbiochem). Chemiluminescence was 

digitized and quantified with ChemiDoc™ XRS+ instrument (Bio-Rad, Hercules, CA) and the 

ImageLab™ software. Densitometric values of catalase are shown as a ratio of the correspondent 

actin values on the same line. 
The basal activity of catalase was measured in VSMC from WT and Cts using the commercial kit 

“catalase assay kit” (Cayman Chemical), following the protocol established by the manufacturer. 

2.4.5. RUNX2 in VSMCs primary culture  

Cells from mice, both WT and Cts cultured with non-CM and CM, were fixed with methanol: 

ethanol (1:1) for 10 min and treated with 0.1% Tween 20 + 5% bovine serum albumin (BSA) for 1h at 

room temperature. Then, cells were incubated with a rabbit anti-RUNX2 polyclonal antibody (1:50 

dilution; sc-10758, Santa Cruz Biotechnology) overnight at 4ºC followed by anti-rabbit Alexa Fluor 

594 (1:400 dilution; A21207, Cell Signaling Technology). Cells were counterstained with 4’,6-

diamidino-2-phenylindole (DAPI) added to mounting medium (SlowFade™ Diamond Antifade 

Mountant with DAPI, ThermoFisher). 

2.4.6. Quantification of calcium content in VSMCs primary culture  

VSMCs cultured with non-CM and CM were washed with PBS and homogenized in 0.6 N HCl 

and calcium content was determined by the o-cresolphtalein complexone method described in point 

2.4.1. 
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2.4.7. Redox metabolism probes in VSMCs primary culture  

Redox state was assessed in the cytoplasm and in the mitochondria, Dichlorofluorescein-di-

acetate (DCF, Invitrogen) and Di-hydro-rhodamine 123 (DHR123, Invitrogen) respectively were 

used. VSMC incubated with calcium and phosphorus or in control conditions (see 2.3) were washed 

with Hank´s solution and then incubated for 30 min. (darkness, 36 º and 5% CO2) in a Hank’s solution 

with both 500 nM DCF- and 10 𝝁M DHR123. Five confluent fields of each experimental replicates 

were acquired first for DCF and then for DHR123, alternating non-CM and CM conditions in order 

to minimize bias. 

2.5. Imaging analyses 

Images of epigastric arteries were acquired under a light microscope (DMRXA2, Leica 

Microsystems). In VSMCs analysis, fluorescent images were acquired using Nikon Eclipse TS100 

microscope. 

2.5.1. Catalase in epigastric arteries  

Whole slides were scanned in a Hammamatsu NanoZoomer (20x magnification) and images 

were analysed by using QPath (v 0.3.2). Images were defined as Brightfield-HDAB. Non-calcification 

area and peri-calcification ROIs in media layer were selected manually by using wand tool. A pixel 

classifier was applied to ROIs (Threshold DAB channel 0.14 at Low (7.06 𝝁m/px) resolution). 

Percentage of catalase positive staining area was obtained. 

2.5.2. RUNX2 in epigastric arteries 

The ratio between positive nuclei for RUNX2 and the total number of nuclei were calculated in 

each whole epigastric artery section (20x magnification). For total protein levels, Fiji software was 

used, images were deconvoluted following H-DAB vector. A threshold at 171 was applied to the 

image corresponding to DAB channel. Media layer surface ROI was draw in the original image and 

applied to the DAB channel for positive area measurement.  
For peri-calcification area, in the images where a calcification was observed, the proportion of 

media layer covering the length of the calcification was considered peri-calcification area. Non-

calcification area was quantified in the same image when a safe margin of 50 microns was between 

the lesion and the non-calcified area. Positive area quantification was performed as described for total 

protein levels. For nuclear quantification, the Hematoxilin channel from the H-DAB deconvolution 

(marking nuclei) was used as ROI mask in DAB channel, obtaining the positive DAB areas in nuclear 

ROI only. 

2.5.3. RUNX2 in VSMCs primary culture  

Micrographs were analysed using FIJI software [22]. For total Runx2 levels, all the images were 

corrected (brightness and contrast) at 36-168. For total fluorescence intensity, total cell contour was 

delimitated as a single ROI and average fluorescence intensity was measured. Quantification of 

nuclear RUNX2 staining area was generated using a nuclear ROI from the DAPI staining (blue 

channel). The RUNX2 images were converted to black and white, a threshold of 16 was applied to 

the images. Positive pixel area of RUNX2 was quantified in the DAPI-based ROI only.  

2.5.4. Redox metabolism probes in VSMCs primary culture  

Micrographs were analyzed using FIJI software. The protocol was analogous to the one 

described in point 2.5.3. Total DCF and DHR123 levels were measured. No correction was applied. 

Total field was quantified. 
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2.6. Statistical analysis 

For statistical analysis and graphs Prism GraphPad (v 9.2.0) was used. All experimental groups 

were tested for normality by using Shapiro-Wilk test and Kolmogorov-Smirnov, when one or both of 

these tests were positive for all experimental groups, samples were considered to follow a normal 

distribution and analyzed by t-test (paired or unpaired in each case). One or more experimental 

groups were not following a normal distribution Kolmogorov-Smirnov for cumulative distributions 

or Wilcoxon matched pairs test were used. All values are shown as mean ± SD unless otherwise is 

indicated. 

3. Results 

3.1. Catalase and RUNX2 protein levels in epigastric arteries of kidney transplant recipients 

This study included 17 epigastric arteries from kidney transplant recipients. The main 

characteristics of patients are summarized in Table 1. Epigastric arteries were classified as calcified 

or non-calcified on the basis of von Kossa staining (Supplementary Figure 1A). There was no 

difference either in age, sex, smoke habit, body mass index (BMI), arterial hypertension, 

hyperlipidaemia, time on dialysis, serum phosphate and calcium levels among groups. Kauppila 

score and epigastric calcium content showed significant association with von Kossa grouping, 

supporting the methodology chosen for the staging. 

Table 1. Patient characteristics classified according to von Kossa staining:. 

 Von Kossa Staining  

 Negative Positive p-value 
n 7 10  
Sex = Male (%) 7 (100.0) 9 (90.0) 1.000 

Age (years) (mean (SD)) 60.6 (7.9) 57.5 (7.0) 0.412 

Smoking habit = Yes (%) 1 (14.3) 2 (20.0) 1.000 

BMI (kg/m2) (mean (SD)) 26.8 (5.0) 25.4 (5.4) 0.588 

Hypertension = Yes (%) 7 (100.0) 9 (90.0) 1.000 

Hyperlipidaemia = Yes (%) 4 (57.1) 5 (50.0) 1.000 

Time on dialysis (months) (mean (SD)) 17.1 (12.5) 30.3 (14.2) 0.068 

Serum phosphate (mg/dl) (mean (SD)) 4.2 (1.2) 4.2 (1.1) 0.999 

Serum calcium (mg/dl) (mean (SD)) 9.1 (0.8) 8.6 (0.5) 0.147 

Kauppila score (mean (SD)) 2.3 (2.8) 9.0 (6.0) 0.015 

Von Kossa score (mean (SD)) 0.0 (0.0) 3.9 (2.4) 0.001 

Calcium content (ug/mg protein) (mean (SD)) 15.3 (2.1) 957.2 (993.1) 0.038 

Catalase protein levels (A.U.) (mean (SD)) 11.2 (6.6) 9.5 (11.3) 0.738 

RUNX2 protein levels (A.U.) (mean (SD)) 0.9 (0.1) 0.7 (0.2) 0.062 

RUNX2 positive nuclei/Total nuclei (mean (SD)) 0.1 (0.1) 0.2 (0.2) 0.681 

SD: Standard deviation; BMI: Body mass index; A.U.: Arbitrary units. 

As we previously mentioned, previous studies found in vitro a protective effect of catalase in 

vascular calcification induced by calcium and phosphorous [14]. Low levels of catalase would help 

to explain why some CKD patients develop vascular calcification. To confirm the relevance of these 

findings, the catalase protein levels in the media layer of the epigastric arteries from kidney transplant 

recipients were analysed using IHC. The results did not show a relationship between catalase levels 

in the arteries and patient’s von Kossa staining calcium content or Kauppila score (Table 1).   

When possible, the levels of catalase surrounding the calcification, were also analysed. 

Interestingly, when we compared the average levels of catalase in the media layer of the area 

surrounding the calcified tissue, catalase was significantly increased in peri-calcified areas (Figure 

1A and B). This increase was localized in specific areas; therefore, it might be circumscribed to 
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individual cells (arrow heads). This result indicates a dual expression of catalase within the same 

tissue depending on the calcification intensity of the area.  

Additionally, RUNX2 levels were also analysed in these sections (Table 1). There was not a 

significant increase of RUNX2 in either calcified and non-calcified groups either total or nuclear. 

When the protein levels of RUNX2 were studied in peri-calcification areas, no changes in total protein 

were observed. However, nuclear RUNX2 staining showed a decreasing trend in the peri-calcification 

areas (p-value= 0.062) (Figure 1C, D and Supplementary Figure 1B). The results showed that, in peri-

calcification areas, where catalase levels were higher, RUNX2 levels did not change but they tend to 

have a cytoplasmic rather than nuclear staining. 

 

Figure 1. Catalase and RUNX2 protein levels in epigastric arteria of kidney transplant recipients. 
A) Catalase immunostaining of non-calcification and peri-calcification areas of the same epigastric 

arteria section (arrow heads shows localized staining). B) Catalase positive immunostaining 

quantification for non-calcification and peri-calcification areas. C) RUNX2 immunostaining of non-

calcification and peri-calcification areas of the same epigastric arteria section. Right, zoomed areas 

indicated on left images (square) showing nuclear Runx2 staining, positive black arrow heads, 

negative (*). D) RUNX2 positive immunostaining quantification for non-calcification and peri-

calcification areas. All panels Mean±SD, for D) and H) *=p-value<0.05 Wilcoxon paired test. Peri-

Calcif. means peri-calcified area; Non-Calcif. means non-calcification area. 

3.2. Differential protein expression in aortas from rats with and without VC  

To characterize general features of VC-CKD, we studied a rat animal model of VC induced by 

CRF and a HPD (see materials and methods).  

Rats with VC showed impairment of renal function and mineral metabolism as measured by 

higher serum creatinine, urea, P, lower serum albumin and no changes in serum calcium compared 

to rats without VC (No-VC) (Supplementary Table 1). 

Proteomic analysis was performed in aortas. 2D-DIGE analysis detected approximately 3400 

protein spots of which 77 were differentially expressed in calcified and non-calcified aortas. At least 

2 peptides were identified in 26 of the 77 proteins differentially expressed; 5 of them direct or 
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indirectly related to oxidative stress (Table 2). From those 5, 3 were directly related with 

mitochondrial redox metabolism: superoxide dismutase (SODM), GSH peroxidase 3 (GPX3) and 

glutathione-S-transferase type Mu2 (GSTM2). In calcified aorta there was an increase (2.14-fold 

change) in mitochondrial superoxide dismutase (SODM) compared to non-calcified ones. The 

metabolism of the main antioxidant glutathione is another main difference between calcified and 

non-calcified samples. There was a significant decrease of GPX3 in calcified aortas, which has an 

analogous role to catalase scavenging extracellular H2O2. GSTM2, also decreased in calcified tissue, 

takes part in xenobiotic metabolism and detoxification. 

Table 2. Differential protein expression pattern in calcified compared with non-calcified aortas 

showed as average ratio. Protein spots differentially expressed shown in Figure 2 were identified by 

LC-MS/MS (Supplementary Table 2 and supplementary annexe). 

Spo
t Nº 

MASCOT
-Symbol 

Name 
Accessio

n 
Nº 

Function Localization 
T-test 

p 
value 

Averag
e Ratio 

Scor
e 

MW 
(Da) 

pI 

Number 
of 

peptides 
identifie

d  

1 CAH3 
Carbonic 

anhidrase 3 
P14141 

Carbonate 

dehydratase 

activity 

Cytoplasm  
0.004

2 
4.86 95 

2941

3 

6.8

9 
3 

2 GPX3 
Glutathione 

peroxidase 3 
P23764 

Protects cells 

and enzymes 

from oxidative 

damage, by 

catalyzing the 

reduction of 

hydrogen 

peroxide, lipid 

peroxides and 

organic 

hydroperoxide, 

by glutathione. 

Extracellular 

space 

0.005

2 
-2.76 97 

2563

7 

8.2

6 
2 

3 GSTM2 

Glutathione 

S-transferase 

Mu2 

P08010 

Conjugation of 

reduced 

glutathione to a

wide number 

of exogenous 

and 

endogenous 

hydrophobic 

electrophiles. 

Participates in 

the formation 

of novel 

hepoxilin 

regioisomers 

Cytoplasm 
0.001

8 
-2.38 234 

2585

7 

6.9 

 

7 

 

4 SODM 

Superoxide 

dismutase 

[Mn], 

mitochondria

l precursor 

P07895 

Destroys 

superoxide 

anion radicals 

which are 

normally 

produced 

within the cells 

and which are 

toxic to 

biological 

systems 

Mitochondrio

n matrix 

0.008

7 
2.14 

113 

 

2488

7 

 

8.9

6 

 

2 
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5 

 
TKT Transketolase P50137 

Catalyzes the 

transfer of a 

two-carbon 

ketol group 

from a ketose 

donor to an 

aldose 

acceptor, via a 

covalent 

intermediate 

with the 

cofactor 

thiamine 

pyrophosphate

. 

Intracellular 

membrane 

0.004

1 
-1.62 43 

6834

2 

7.2

3 
2 
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Figure 2. 2D-DIGE images showing proteins differentially expressed between calcified and non-

calcified aortas. A) Cy5-labeled proteins from non-calcified aortas; B) Cy2- labelled proteins from 

calcified aortas; C) Cy3 dye staining of the internal standard and D) The merging of A, B and C. 

Circled spots are those proteins differentially expressed that were direct or indirectly related to 

oxidative stress listed in Table 2. 

3.3. In vitro model of vascular calcification in VSCMs overexpressing catalase. 

Primary cell culture of VSMCs was obtained from WT and transgenic mice for Cts 

overexpression. VMSC exhibited 12 times fold increase of Cts protein levels and a concomitant 

increase in Cts activity (Supplementary Figure 2A and B), similar results were reported elsewhere 

[14].  

When incubated with CM, WT and Cts VSMCs showed a significant increase in calcium content 

although the differences were less pronounced in Cts group (Figure 3B).  

Cts VSMCs showed significantly higher levels of RUNX2 compared with WT cells under non-

CM conditions. RUNX2 expression was also significantly increased in both WT and Cts after 

exposure to CM (Figure 3A and C). However, the percentage of the nucleus stained for RUNX2 was 

significantly higher in WT cells cultured with CM compared WT cells cultured with non-CM (Figure 

3A and D) this increase was not observed in Cts-CM. Negative controls for rabbit anti-RUNX2 

primary and anti-rabbit Alexa Fluor 594 secondary antibody are shown (Supplementary Figure 3). 

 

Figure 3. VSMC primary culture from WT and catalase (Cts) overexpressing mice incubated with 
high CM. A) Immunocytochemistry of Runx2 (red) in WT and Cts VSMC exposed to non-CM and 
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CM, DAPI (blue) is used as nuclear counter-staining. B) Calcium content in non-CM and CM of WT 

and Cts VSMCs. C) Total Runx2 fluorescence quantification. D) nuclear Runx2 fluorescence 

quantification. All panels Mean±SD, B), D) and E) *=p-value<0.05, **=p-value<0.01. B), C) and D) 

Unpaired t-test. 

Basal cytoplasmic redox state, as measured by DFC average fluorescence intensity and positive 

area, was higher in Cts cells compared with WT cells (Figure 4A, B and C). Fluorescence intensity 

was greater in WT cells cultured with CM compared with non-CM without differences in the 

fluorescence area. Noteworthy, the increase found in the fluorescence intensity is based on a subset 

of cells which drastically increased their fluorescence while the majority of the culture did not show 

changes in the redox state (Figure 4A). Cts cells showed no differences between CM and non-CM in 

both, fluorescence intensity and fluorescent area (Figure 4B and C).  

No relevant changes were observed in mitochondrial redox state, measured by DHR123 

fluorescence intensity, either in WT or Cts VSMCs at non-CM or CM conditions (Figure 4 A, D and 

E). 
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Figure 4. Redox state in VSMC primary culture from WT and catalase (Cts) overexpressing mice 
incubated with non-CM and CM. A) Micrographies of cytoplasmic redox state monitored with DCF-

DA and DHR123 in VSMC cultured with non-CM and CM. B) DCF-DA average fluorescence 

intensity. C) DCF-DA positive area (px). D) DHR123 average fluorescence intensity. E) DCF-DA 

positive area(px). All panels Mean±SD, B) and C) *=p-value<0.05, **=p-value<0.01. Kolmogorov-

Smirnov test. 

4. Discussion 

VC was considered as a passive deposit of hydroxyapatite crystals, however, this simplistic 

theory was discarded two decades ago to open a much more complex scenario. Similarly oxidative 

stress theory in the context of VC was considered as a black or white factor. The increase of free 

radicals has been associated with VC meanwhile the absence or low levels has been associated to a 

low incidence of VC. However, similarly to what it has been observed in other biological scenarios 

these explanations might be an oversimplification of the role of oxidative stress and redox 

metabolism.  

In the present work the epigastric arteries from CKD patients undergoing kidney transplant 

showed a moderate and local increase of catalase, one of the main H2O2 scavengers, surrounding the 

calcification which coexisted with a trend towards total RUNX2 expression without increase in 

nuclear RUNX2 stain in the same surrounding areas. These peri-calcification areas probably show a 

heterogeneous territory, with cells that could be trying to protect themselves from calcification 

process, with less degree of calcification as the main areas of VC were lost during the tissue 

processing.  

Among proteins differentially expressed in calcified and non-calcified aortas in an animal model 

of VC, deregulation of several proteins related with oxidative stress were observed. Catalase was not 

identified, but a decrease of an analogous as GPX3 in calcified aortas was found. The decreases levels 

of extracellular H2O2 scavenges found in the aortas, would be related to the severe VC found. It is 

important to highlight that these results are referred to protein levels, therefore a further confirmation 

of these changes at enzymatic activity level would be ideal. However, the limited amount of sample, 

particularly in the human studies, made not possible further analyses. 

To better understand the role of catalase, an in vitro model was used. An increase of calcium 

deposits and RUNX2 at total protein and nuclear levels in VSMC in WT cells in the CM was found. 

However, when catalase was overexpressed and cultured with CM, there was a mild increase in 

calcium content without a significant concomitant increase in nuclear RUNX2 stain. This decrease of 

nuclear RUNX2 stain could partially prevent VC onset and this result is consistent with those found 

in the epigastric arteries from CKD patients. A relevant finding was the fact that calcium content and 

RUNX2 total protein levels increased when catalase was overexpressed in VSMC cultured in non-

CM conditions, suggesting that catalase might affect calcium metabolism directly (Supplementary 

Figure 2C).  

This might not be just a coincidence as H2O2 is able to affect calcium release of the main 

intracellular calcium storages, mitochondria and endoplasmic reticulum, increase calcium release 

from both storage organelles and uptake from the extracellular space increasing calcium cytoplasmic 

content [23]. Therefore, regulation of antioxidant enzymes specialized on H2O2 elimination such as 

catalase or GPX3, as it has been, would allow to keep similar amounts of intracellular calcium but 

confined to calcium storages. In the specific case of GPX3 (extracellular form), it could also inhibit the 

calcium uptake from the extracellular space. A fine-tuned range of catalase or peroxidase 

concentration would allow the cells to control intracellular calcium levels keeping cell stiffness in 

contractile phenotype [24]. The present results show that catalase could be able of reduce VC at early 

stages even in the presence of increased calcium levels and RUNX2 expression. 

This counterbalance effect is not permanent and upon a long-term calcification stimulus the peri-

calcification areas observed in the epigastric arteries may calcified completely. In fact, the in vivo 

model of severe VC showed that antioxidant actions were not observed and the expression of GPX3 
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and GST were decreased. In the same line, oxidative stress as inductor of VSMCs to osteoblast 

differentiation has been shown by other authors [25,26].  

Even though there is no correlation between total catalase and Von Kossa staining (p-value: 

0.097) nor with KS (p-value: 0.6778), our study reflects a local increase of catalase surrounding the 

calcification lesion and this increase has been observed in specific cells. This increase was not 

expected as previous reports described only an increase of catalase in the calcification lesions [27]. To 

interpret our results two arguments can be considered, the first is the above mentioned description 

was made on an in vivo model of aortic valve calcification without renal damage. In this model 

although there was free radical production, the oxidative stimuli seems to be from mitochondrial 

origin, while by contrast, in VC associated to CKD the stimuli has a very strong cytoplasmic origin 

caused by NOX enzymatic system [4,28]. The second is that our in vitro model showed that the 

overexpression of catalase is confined at the peroxisome organelle, and it does not necessarily cause 

a decrease in cytoplasmic redox state.  

Upon superoxide radical production at NOX enzymatic system, catalase would need from the 

CuZnSOD to convert superoxide on H2O2 a non-charged molecule that would be able to pass the 

peroxisome membrane to reach the catalase. This might be important in the case of VSMCs where 

NOX enzyme are constitutively expressed as they have a role in vesicle trafficking and muscle 

contraction [29]. The excess of superoxide might favour the reaction with other radical groups 

forming such as NO or Fe3+-H2O forming peroxynitrate or hydroxyl radical which will also produce 

DCF-DA fluorescence. 

A previous study showed that catalase overexpression prevented both, calcium deposition and 

the increase of RUNX2 levels in VSMCs cultured with CM for 8 days [14], however, the mechanisms 

by which catalase was able to prevent calcification was not detailed. The present study allowed us to 

study the calcification process at earlier stages, 4 days of culture, before the calcification occurred. In 

the early stage of the calcification process (only 8% increase in calcium content), no differences were 

observed in mitochondrial oxidative stress levels compared in WT. The total RUNX2 levels increased 

in both WT and Cts cells cultured with CM, also, as we mentioned above RUNX2 levels were also 

increased in Cts non-CM. However, nuclear RUNX2 did not increase significantly in the Cts cells 

cultured with CM.  

These results suggest that catalase overexpression may block the translocation of RUNX2 to the 

nucleus and thus the trans-differentiation from VSMCS to osteoblast-like cells. Nevertheless, images 

obtained with a conventional fluorescence microscopy only analyzed in a 2D plane and have some 

limitations to study nuclear localization. Then, further studies using confocal microscopy are needed 

to corroborate nuclear RUNX2 localization under these conditions. Our hypothesis is that at this early 

stage, both cell lines respond to CM stimuli but catalase delays VC by abolishing RUNX2 nuclear 

translocation. However, it is very unlikely that these levels can be observed in non-manipulated 

tissues, therefore if the calcification stimuli persist, the antioxidant response (catalase, peroxidase) 

would fail and the calcification would occur.  

The clinical significance derived from the results of the present study is that antioxi-dants may 

have beneficial effects in delaying osteogenic transdifferentiation of vascular smooth muscle cells and 

thus vascular calcification. Although, the particularities of the catalase-calcium relationship in the 

context of the muscular media layer present a very complex scenario beyond the mere antioxidant 

scavenging enzyme. This complexity would allow to understand the results obtained in previous 

studies investigating the likely protective role of catalase in CKD and in vascular diseases [12,13], 

where no positive results were obtained, despite catalase is the most efficient H2O2 vascular scavenger 

and having CKD and VC a very strong oxidative stress component.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Supplementary Figure 1: Representative images of von Kossa staining. A) 

Epigastric arteria negative and positive for von kossa staining. B) Micrographies of distant and peri-calcification 

areas of the same epigastric arteria section for von Kossa staining. Supplementary Figure 2: VSMCs from Wild-

type (WT) and Catalase (Cts) cell culture. A) Western-Blot for catalase protein expression, representative image 

of western-blot (upper panel), quantification of optical density (lower panel). B) Cts activity in VSMC cell culture. 

C) Calcium content per mg of protein in WT cell culture and Cts overexpressing cells. Each pair correspond to 
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one individual experiment. Supplementary Figure 3. Immunofluorescence of RUNX2 in VSMCs. Negative 

controls for primary (rabbit anti-RUNX2) and secondary antibody (anti-rabbit Alexa Fluor 594). DAPI is used as 

nuclear counter-staining. Supplementary Table 1: Biochemical parameters of sham- operated rats with normal 

renal function without vascular calcification (No-VC) and nephrectomised rats fed a high phosphorus diet 

(HPD) with vascular calcification (VC) at 20 weeks. Supplementary Table 2. Summary of the peptides identified 

by LC-MS/MS.  
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