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Summary
Objetives: Assess the role of the catalase antioxidant enzyme in the vascular calcification process associa-
ted with chronic renal failure (CRF) and its effect on bone mass.
Material and methods: Wild type C57/BL6J mice (WT) and transgenic mice (TG) were used, that overex-
press the catalase enzyme, to which CRF was induced. Control WT and TG mice were used in simulated
intervention. After 16 weeks, the mice were sacrificed, with serum samples taken for biochemical markers
as well as residual pieces of kidney, aorta and tibias. An in vitro model of primary culture of smooth vas-
cular muscle cells (SVMC) taken from the WT and TG aorta which underwent eight days of 3 mM phos-
phorus and 2 mM calcium calcifying medium.
Results: A significant increase in Runx2 gene expression, calcium renal deposit and bone structure dete-
rioration at trabecular level was only detected in WT mice with CRF. This was not observed in TG mice
with CRF.
Only in the case of WT mice SVMC, did added calcification medium raise calcium levels, proteic Runx2
expression and the reactive oxygen species of mitochondria with low catalase enzyme.
Conclusions: Calcifying catalase over-expression was observed in both in vivo and in vitro, with in vivo
showing that this reduction was accompanied by an improvement in bone parameters under study.
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Introduction
Cardiovascular disease currently represents the lea-
ding cause of death in the developed world. It is
expected to continue rising in the coming decades
due to our aging population. One factor that con-
tributes to cardiovascular risk is oxidative stress1.
Different stimuli are associated with the develop-
ment of cardiovascular disease including macro-
phage activation, hyperglycemia, LDL oxidation
and even angiotensin II which exert their harmful
effects, at least partially, through the local synthesis
of reactive oxygen species2-5.

On the other hand, there is evidence of a positi-
ve relationship between oxidative stress and vascu-
lar calcifications6. Vascular smooth muscle cells
(VSMC) subjected to oxidative stress increase the
activity of alkaline phosphatase and calcium depo-
sition, indicating their transdifferentiation toward
cells capable of mineralizing (osteoblast-like/chon-
drocyte)7. In VSMC in primary culture of mouse
aorta, the oxidative stress induced by hydrogen
peroxide or glucose oxidase promotes calcification
and overexpression of Runx2 (Cbfa1), transcription
factor related bone osteogenic differentiation,
mediated AKT8. Interestingly, these same stimuli
have the opposite effect on osteoblast precursor
cells, demonstrating the importance of hydrogen
peroxide or oxygenated water (H2O2) in the process
of differentiation of mesenchymal cells lineage9.

The main antioxidant enzymes involved in the
catalytic removal of hydrogen peroxide is catalase,
glutathione peroxidases and thyroiodin peroxidase.
Of these, the catalase is the most efficient in remo-
ving the hydrogen peroxide enzyme.

One of the factors affecting aging is the progres-
sive accumulation of oxidative damage. This dama-
ge may be due to exposure to normal intracellular
oxidative stress or, in pathological situations, an
increase in this stress due to inflammation or other
causes can actually cause accelerated aging.
Therefore, our objective was to evaluate the role
played by overexpression of catalase on the pro-
cess of vascular calcification associated with mode-
rate kidney disease and its effect on bone mass10.
For this purpose, a transgenic mouse model ove-
rexpressing catalase enzyme, subjected to chronic
renal failure was used.

Material and methods
Experimental model in vivo
Establishment of chronic renal failure (CRF)
C57/BL6J wild (WT) and C57/BL6J transgenic (TG)
overexpressing the antioxidant enzyme catalase
were used. To induce CRF, mice underwent 3
months old to a first intervention, which involved
the lateral opening of the animal on the right side
where the two poles of the kidney is cauterized.
Isoflurane anesthesia was used (1-2%) by inhala-
tion. A week after the first operation, the animal
underwent a second intervention, which consisted
of opening the left side and complete removal of
the kidney. After 16 weeks of the last operation, the
animals were sacrificed by exsanguination, anesthe-
tized with CO2. In slaughter animal serum he was

obtained to analyze and general biochemical mar-
kers of bone metabolism: urea, calcium, phospho-
rus, Ca-P product, iPTH and FGF23. the remaining
piece of kidney, aorta and tibias were also extrac-
ted.

The left tibia, which was preserved in ethanol
70º, was analyzed by computerized microtomo-
graphy (µCT) with a SkyScan 1174, Bruker µCT
(Kontich, Belgium) equipment. The 2D and 3D
morphometric analysis was carried out using the
CTAn software. The region of interest (ROI) was
defined manually in each sample. For the trabecu-
lar region, 150 cuts were selected and threshold
levels used in the gray scale between 78 and 250.
The morphometric analyses were based on internal
plug-ins CTAN in 2D and 3D. Morphometric para-
meters were measured trabecular bone volume
(BV/TV,%), trabecular spacing (TbSp, µm), trabecu-
lar number (ToNb, mm-1) and trabecular porosity
(TbPo, µm). 

All studies were approved and authorized by
the Committee on Animal Experimentation of the
University of Oviedo.

In vitro experimental model
Primary cultures of aortic VSMCs from C57/BLJ6
WT and TG were used. To do this, the aortas of ani-
mals chopped and put explants to grow in culture
dishes coated with fibronectin to promote adhe-
sion.

Cells were cultured in DMEM medium supple-
mented with fetal bovine serum at 10%. When cells
reached 60-70% confluency was replaced with
DMEM-F12 supplemented medium with 0.1% bovi-
ne albumin (control medium) and calcifying
medium supplemented medium consisting of con-
trol phosphorus and calcium at concentrations of 3
mM and 2 mM, respectively. Cells were incubated
under these conditions for 8 days.

The basal activity of catalase was measured in
VSMC from WT and TG mice using the commercial
kit "catalase assay kit" (Cayman Chemical, 707002),
following the protocol established by the manufac-
turer.

Levels of reactive oxygen species in VSMC cul-
tured WT and TG mice with control medium and
calcifying were measured with a fluorochrome spe-
cific mitochondria, dihydrorhodamine 123 (DHR
123).

Proteins of cell cultures were extracted with a
buffer composition 50 mM Tris-HCl, 150 mM NaCl,
1% NP-40, sodium deoxycholate 0.5%, 1.0 mM
EDTA and 0.1% SDS inhibitor proteases. the sample
was sonicated in cold 10 minutes to prevent the
breakdown of proteins and centrifuged at 10,000
rpm for 5 minutes at 4°C proteins of the superna-
tant was collected, quantified by the Bio-Rad DC
method and stored at -80.     

20 µg of protein were electrophoresed on acry-
lamide gels of 0.75 mm thickness under denaturing
conditions (SDS-PAGE), for identification using
known molecular weight markers (Molecular
Weight Markers RainbowTM, GE Healthcare, United
Kingdom). Proteins were transferred to a nitrocellu-
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lose membrane (Hybond AmershamTM 0.45 µm
PVDF, GE Healthcare, UK). The transfer was
carried out in the cold for one hour at 100 v. After
the same, the membrane was blocked for one
hour with 5% milk in phosphate buffered saline
(PBS). Subsequently, membranes were kept over-
night with the primary antibody (monoclonal anti-
body of catalase in 1: 5000 dilution in BSA, Runx2
1: 500 in BSA against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) diluted 1: 5000 in BSA,
all from Santa Cruz Biotechnology, Inc., Santa
Cruz, California, USA). The next day, the membra-
ne was washed three times at intervals of 10 minu-
tes each with wash solution composed of PBS and
Tween-20 (Sigma-Aldrich), and subsequently incu-
bated with antibody or goat against rabbit. The
membrane was washed with the washing solution
described above and the protein was detected by
ECL Western ClarityTM Substrate (BIO-RAD, USA)
commercial kit. The relative quantification of the
intensity of the bands obtained in the Western
blotting was performed with Image LabTM Software
and Molecular Imager scanner ChemiDocTM XRS+
(both from BIO-RAD, USA).

Common techniques employed
qRT-PCR
The analysis by qRT-PCR was performed with the
cDNA obtained from different experimental condi-
tions using the High Capacity Reverse Transcription
Kit (Applied Biosystems) and phenol RNA extrac-
tion. For normalization of results constitutive
expression of genes (rRNA Runx2 and GAPDH)
and ΔΔCT relative quantification method was used.

Study of vascular calcification
After addition of 0.6 N HCl for 24 hours to extract
the cell or tissue calcium, the calcium content was
quantified by ortho-cresolphthalein method com-
plexone. Calcium levels were relativized to total
protein content.

Statistical analysis
For the statistical analysis of the results the SPSS
17.0 software was used. Comparison of the treat-
ment groups was performed using chi-square in the
case of categorical variables and by Student's t test
for numerical variables.

Results
a) In vivo studies:
Biochemical markers
The CRF in WT and TG mice showed increased
levels of urea, Ca-P product, and iPTH FGF23. In
the case of FGF23 increase it was much higher (10
times) in WT mice with CRF regarding their Sham
control. 

Moderate CRF effect on vascular calcification and
bone level changes
Although the C57/BL6J mouse strain used for the
calcification studies did not allow us to obtain vas-
cular calcification in the aortas (Table 1), a signifi-
cant increase in gene expression of Runx2, osteo-

blast differentiation marker, was observed only in
the WT group with CRF (Figure 1). This increase
was not observed in the TG animals with CRF. The
effect of CRF on the calcification process was stu-
died in other soft tissue such as the kidney, with an
increase of calcium content in CRF mice with a hig-
her increase in WT than in TG mice (Table 1).

Vascular level changes were also observed at
bone level. In WT animals with CKD deterioration
of bone structure it was about its Sham control
group with a statistically significant decrease in tra-
becular bone volume (Figure 2A) and the number
of trabeculae (Figure 2C), and increased trabecular
separation (Figure 2B) and trabecular porosity
(Figure 2D). The group TG mice with CRF did not
differ with respect to their Sham control group at
trabecular level.

b) In vitro studies:
Effect of overexpression of catalase in the hydrogen
peroxide purification and Runx2 expression in
VSMCs
The VSMCs from the TG mice had increased acti-
vity and protein expression of the catalase enzyme
at baseline compared with those of WT mice
(Figure 3 A and B).

When calcifying medium was added to VSMC
WT mice there was increased calcium content. This
effect was not observed in VSMC TG mice (Figure
4A). In parallel, the protein expression of Runx2
was studied in VSMC of WT and TG mice with cal-
cifying medium for 8 days and an increase in Runx2
expression in VSMC of WT mice was observed
which was not observed in TG (Figure 4B).

Study of the levels of markers of oxidative stress
and protein levels of catalase
An increased level of fluorescence of the probe
DHR123 was observed in the VSMC of WT mice
cultured with calcifying medium, indicating an
increase in mitochondrial oxygen reactive species.
This effect was not observed in VSMC of TG mice,
but there was a decrease of reactive oxygen species
(Figure 5). Lower protein expression was also
observed of the enzyme catalase by culturing the
VSMC of WT mice for 8 days with calcifying
medium relative to those from TG mice (Figure 6).

Discussion
In this work we have been able to confirm that
overexpression of catalase antioxidant enzyme in a
mouse model protects the process of vascular cal-
cification and bone deterioration. In the VSMC of
these same mice, a decrease was observed in the
levels of reactive oxygen species, but also osteoge-
nic proteins such as Runx2.

At the biochemical level, increased FGF23 was
particularly noticeable in WT animals with CRF
regarding the Sham group (10 times). This effect
was less marked in the TG with CRF whose incre-
ase was twice that of the control group (Sham).
Some authors have postulated the role of FGF23 as
a calcification inducer11,12. It has even been associa-
ted with high levels of renal mortality in patients13.
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On the other hand, it inhibits FGF23 expression of
CYP27B1 gene encoding the alpha 1-hydroxylase
suppressing renal calcitriol synthesis from its pre-
cursor 25-hydroxyvitamin D314. Furthermore, FGF23
activates CYP24 gene expression that encodes 24
hydroxylase, the enzyme that hydrolyzes and inac-
tivates calcitriol15. This contributes to the decline in
the synthesis of calcitriol, but also to degradation
which leads to decreased levels of vitamin D, a fac-
tor that could induce vascular calcification as has
been shown in epidemiological studies16,17.

The calcium content in the aorta of TG mice
with CRF was similar to WT mice with CRF. While
this may seem paradoxical and contradictory to
other observed results, Giachelli et al. have confir-
med the absence of calcification in the aorta in the
same strain of mice used for transgenic generation18.
However, the protective effect of the overexpression
of catalase preventing calcium accumulation was
observed in other soft tissue such as the kidney.

Moreover, high levels of FGF23 have been associa-
ted with suppression of osteoblast differentiation and
mineralization of bone matrix in vitro19. This could
perhaps explain the negative effect of CRF on bone
deterioration in WT mice and to a much lesser extent
in the TG mice. Recent studies by our group have
shown bone loss in a rat model with CRF and high
levels of phosphorus, PTH and FGF23. In the same
study, gene silencing studies have confirmed that
FGF23 only has a direct effect activating Dkk120, inhi-
bitor of Wnt pathway which is involved in pathway
inactivation. Thus, high levels of FGF23, as observed
in our experimental model in WT mice with CRF,
could have contributed to the decrease in bone mine-
ral density through inactivation of the Wnt pathway.

The increase in reactive oxygen species contribu-
tes to increased osteogenic protein, being a stimulus
for the start of the calcification process7,8. This effect
has been observed in VSMC of WT mice subjected to
calcifying stimuli. However, in VSMC of TG mice sub-
jected to a calcifying stimulus, not only did the
expression of reactive oxygen species not increase
but it decreased, as with the protein expression of
Runx2, osteogenic protein and early marker process
calcification. In fact, the importance of hydrogen
peroxide has noted as a second messenger involved
in intracellular signaling21 regulated by oxidative
stress. A drop of hydrogen peroxide by catalase ove-
rexpression contributes to lower oxidative stress and
decreased vascular calcification process through inhi-
bition of Runx2.

In view of the results obtained, studies are nee-
ded to ascertain the mechanisms by which decre-
ased oxidative stress confers an advantage at both
vascular and bone level. The reduction of the
inflammatory process, maintaining protein levels
of renal Klotho, the main molecule involved in
aging, or regulation of the Wnt pathway may help
explain the different behavior, so further research
into the field is required.

Table 1. Values of biochemical WT and TG mice with and without CRF

WT Sham
(n=7)

WT CRF
(n=9)

TG Sham
(n=10)

TG CRF
(n=10)

Urea (mg/dL) 47±3 83±13* 41±4 94±19*

Ca-P product (mg2/dL2) 69±7 81±12* 60±14 74±13*

iPTH (pg/mL) 316 (0.834) 3,941 (3,649-4,499)* 338 (35-1,836) 3,411 (1,204-3,868)*

FGF23 (pg/mL) 111 (102-125) 1,103 (773-1,143)* 224 (204-268) 437 (153-988)

Calcium aorta (µg/mg) 92±7 95±6 82±11 93±5

Calcium kidney (µg/mg) 3.0 (1.9-4.0) 562.8 (200.2-636.3)* 0 (0-3.3) 20.7 (3.7-123.8)*

WT: wild mouse; TG: transgenic mouse; CRF: chronic renal failure. *p<0.05 with respect to their respective
Sham.

Figure 1. Levels of gene expression of Runx2 (relative
units) in aorta in different groups. WT: wild mouse;
TG: transgenic mouse; CRF: chronic renal failure
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Figure 2. Changes to bone level; WT: wild mouse; TG: transgenic mouse; CRF: chronic renal failure. A) Trabecular
bone volume (BV/TV) in different groups. *p<0.05 relative to its respective Sham. B) Trabecular separation (TbSp) in
the different groups. *p<0.001 relative to its respective Sham. C) Number of trabeculae (TbN) in the different groups.
*p<0.05 relative to its respective Sham. D) Porosity trabecular (PoTb) in the different groups. *p<0.05 relative to its
respective Sham

Figure 3. A) Basal Activity of catalase enzyme in WT and TG VSMC mice. B) Protein expression in relative units of
catalase enzyme in VSMC WT and TG mice by Western blotting; WT: wild mouse; TG: transgenic mouse. *p<0.001
compared to WT group

Figure 4. Effect of the addition of calcifying medium (Ca and P) in VSMC WT and TG mice on: A) The calcium con-
tent for 8 days. B) The protein expression of Runx2 for 8 days (the values of the densitometry vs GAPDH) are shown
by Western Blot. WT: wild mouse; TG: transgenic mouse. *p<0.05 vs control
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In summary, the overexpression of catalase
enzyme reduced the calcification process both in
vivo and in vitro, showing in vivo that this decline
was accompanied by an improvement in bone
parameters studied.
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