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1   |   INTRODUCTION

Oxidative stress has been shown to be involved in the 
pathogenesis of different entities of degenerative cardio-
vascular disease. In the context of atherosclerosis, oxi-
dative stress contributes to vascular smooth muscle and 
endothelial cell activation, monocyte infiltration, lipid 

oxidation and uptake, thrombosis, and thereby plaque 
formation and endothelial dysfunction.1 Furthermore, 
clinically relevant risk factors of atherosclerosis, such as 
diabetes mellitus, hypertension, hypercholesterolemia, 
and smoking, are known to induce reactive oxygen species 
(ROS) generation, underlining the significance of oxida-
tive stress as pathomechanism.2
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Abstract
While oxidative stress is known as key element in the pathogenesis of athero-
sclerosis and calcific aortic valve disease, its role in the degeneration of biologi-
cal cardiovascular grafts has not been clarified yet. Therefore, the present study 
aimed to examine the impact of oxidative stress on the degeneration of biologi-
cal cardiovascular allografts in a standardized chronic implantation model real-
ized in rats exhibiting superoxide dismutase 3 deficiency (SOD3(−)). Rats with 
SOD3 loss-of-function mutation (n = 24) underwent infrarenal implantation of 
cryopreserved valved aortic conduits, while SOD3-competent recipients served 
as controls (n  =  28). After a follow-up period of 4 or 12 weeks, comparative 
analyses addressed degenerative processes, hemodynamics, and evaluation of 
the oxidative stress model. SOD3(−) rats presented decreased circulating SOD 
activity (p  =  .0079). After 12 weeks, 58% of the implant valves in SOD3(−) rats 
showed regurgitation (vs. 31% in controls, p  =  .2377). Intima hyperplasia and 
chondro-osteogenic transformation contributed to progressive graft calcification 
(p = .0024). At 12 weeks, hydroxyapatite deposition (p = .0198) and the gene ex-
pression of runt-related transcription factor-2 (Runx2) (p =  .0093) were signifi-
cantly enhanced in group SOD3(−). This study provides the first in vivo evidence 
that impaired systemic antioxidant activity contributes to biological cardiovascu-
lar graft degeneration.
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Calcific aortic valve disease (CAVD) shares the men-
tioned risk factors of atherosclerosis. Thus, it is not sur-
prising that calcified stenotic human aortic valves have 
been reported to exhibit increased ROS levels, particu-
larly superoxide, in the presence of reduced antioxidant 
activity of superoxide dismutase (SOD) and catalase.3,4 
Oxidative stress induction in human valvular interstitial 
cells resulted in higher rates of apoptosis and increased 
gene expression of osteogenic markers if the cells origi-
nated from calcified stenotic valves, and addition of SOD 
to the experiment counteracted the pro-osteogenic effect.4 
While the adverse influence of ROS and the protective role 
of SOD have been demonstrated in the context of CAVD 
development, the role of oxidative stress in the degenera-
tion of biological heart valve grafts is yet unclear. Research 
on this topic is all the more required, since surgical or in-
terventional heart valve replacement is one of the most 
frequent cardiac procedures with an increasing number of 
currently far more than 300 000 annual cases worldwide 
and a dramatic impact on patients' morbidity, mortality, 
and health-related quality of life.5

SOD is the key antioxidant enzyme that catalyzes the 
reaction of superoxide anions to hydrogen peroxide. In 
mammalians, three types of SOD have been identified: 
a primarily cytoplasmatic (SOD1) and an extracellular 
membrane-bound (SOD3) copper-zinc isoform, as well as 
a mitochondrial manganese form (SOD2).6 For SOD3, a rat 
model with loss-of-function mutation resulting in enzyme 
deficiency (SOD3E124D) has been developed.7 Previous 
studies in the SOD3E124D model have shown enhanced en-
dothelial dysfunction in the aorta,8 and increased sensitiv-
ity to the development of pulmonary artery hypertension.7

The present study aimed to examine the impact of 
oxidative stress on the degeneration of biological car-
diovascular allografts in a standardized, previously well-
described chronic implantation model realized in rats 
exhibiting SOD3 deficiency.

2   |   MATERIALS AND METHODS

2.1  |  Animals

SOD3E124D (SS-Sod3m1Mcwi) rats exhibiting a homozygous 
loss-of-function mutation (G→T transversion in codon 
124, leading to a glutamic acid to aspartic acid change) 
resulting in SOD3 deficiency (SOD3(−))7 and SOD3-
competent controls without mutation were bred under li-
cense agreement with Transposagen Biopharmaceuticals 
Inc. (Lexington, KY, USA) in the local animal care facility 
of the University Duesseldorf, Germany. Both strains were 
initially obtained by backcrossing to a Dahl/salt-sensitive 
strain (SS/JrHsdMcwiCrl; purchased from Charles River 

Laboratories International Inc., Wilmington, MA, USA), 
intercrossing and maintenance as homozygous colonies. 
The animals were fed ad libitum with a sodium-depleted 
diet (AIN 76A; Ssniff, Soest, Germany). All experiments 
as well as breeding were performed in agreement with the 
national animal welfare act and approved by the state ani-
mal care committee—reference numbers 84-02.04.2015.
A207 and 84-02.04.2016.A495.

2.2  |  Experimental design

For all experiments, male rats (n = 52, 24 in group SOD3(−) 
and 28 in group control) weighing 200 g to 250 g were used. 
After harvesting from Wistar donor rats, valved aortic 
conduits were cryopreserved for 4 weeks. Thereafter, the 
grafts were anastomosed to the infrarenal aorta of SOD3(−) 
or control rats, which had undergone interventional gen-
eration of native aortic valve insufficiency 2 weeks before. 
The recipient animals were followed up for a period of 4 or 
12 weeks, after which the prostheses were explanted and 
prepared for the readout. A schematic workflow of the ex-
periments including technical aspects and a timeline are 
presented in Figure 1.

All animal models, surgical techniques, the graft 
preparation, and the readout procedures were used or 
conducted according to standards previously established 
in our group.9–13 In the following, brief descriptions are 
provided.

2.3  |  Valved aortic conduit preparation

Valved aortic conduits were harvested from male Wistar 
donor rats. In brief, animals were euthanized, and U-
shaped aortic conduits including the aortic valves were 
excised via sternotomy. After rinsing with heparinized 
phosphate-buffered saline (PBS), the grafts were trans-
ferred into the conservation medium (Dulbecco's modi-
fied Eagle's medium +10% dimethylsulfoxide +20% fetal 
calf serum at 5°C) and frozen to −80°C under controlled 
cooling (1°C per minute in a propan-2-ol box). Following 
4 weeks of cryo-storage, the conduits were thawed, washed 
three times in heparinized PBS, and implanted in SOD3(−) 
or control rats.

2.4  |  Conduit implantation and 
explantation

Fourteen days before graft implantation, all recipient 
rats underwent an echocardiography-controlled (Philips 
HDX 11 equipped with a 15 MHz probe, Amsterdam, 
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Netherlands) interventional generation of native aortic 
valve insufficiency (grade II-III) by guide-wire-induced 
leaflet perforation via the right common carotid ar-
tery under general inhalative anesthesia (isoflurane 
2.0%–2.5%). The severity of insufficiency was assessed 
by Doppler sonography with a calculation of the RVTI 
(ratio of velocity time integrals  =  blood velocity-time 
integral of diastolic retrograde flow divided by blood 
velocity-time integral of antegrade flow) in the ascend-
ing aorta.

Valved aortic conduit implantation was also carried 
out under anesthetization with isoflurane (2.0%–2.5%) 
via an endotracheal tube and analgesia with subcutane-
ous carprofen (5  mg × kg−1 body weight). Following a 

standardized microsurgical protocol, midline laparotomy 
was conducted, the intestines were mobilized, and the in-
frarenal aorta was separated from the vena cava. Systemic 
heparinization (300 IU × kg−1 body weight) via a central 
venous catheter in the right jugular vein was followed 
by infrarenal aortic clamping. The proximal and distal 
anastomoses with the U-shaped conduit were sutured 
in an end-to-side manner with continuous suture lines 
(polypropylene 10-0, Ethicon, Norderstedt, Germany). 
Ligation of the native aorta between the two anastomoses 
was conducted to improve the graft perfusion and valve 
motion, which were controlled by Doppler sonography—
including RVTI assessment distally of the implant—after 
abdominal closure.

After 4 or 12 weeks of follow-up, the rats were anes-
thetized again, and Doppler sonography was conducted 
to control graft perfusion and valve motion, whereat any 
degree of valve regurgitation was considered significant. 
Median laparotomy was followed by excision of the pros-
theses and processing for further readout.

2.5  |  Histology

For histomorphological analyses of the explants, cryo-
sections (5  μm thick) were generated and stained with 
hematoxylin/eosin, or according to von Kossa or Movat 
pentachrome protocols. Quantification of intima hyper-
plasia, graft calcification, and chondrogenic remodeling 
was performed by standardized scoring systems as de-
scribed below. Analyses were carried out in cross-sections 
from four defined graft regions: proximal anastomosis, as-
cending aorta, descending aorta, and distal anastomosis. 
Each cross-section was further divided into eight equal 
segments for quantitative assessment.

The thicknesses of intima and media were measured in 
hematoxylin/eosin staining to calculate the intima/media 
ratio.

The amount of intima and media calcification was as-
sessed by a semi-quantitative score based on von Kossa 
staining and ranging from 0 to 5: 0  =  no calcification; 
1 = micro-calcification; 2 = macro-calcification <25% of 
the tissue area; 3 =  macro-calcification <50% of the tis-
sue area; 4 = macro-calcification <75% of the tissue area; 
5 = macro-calcification >75% of the tissue area.

The area of chondrogenic remodeling in the intima and 
media was quantified based on Movat pentachrome stain-
ing with scores ranging from 0 to 5: 0 = no chondrogenic 
remodeling; 1 = sparse spots of chondrogenic remodeling; 
2  =  chondrogenic remodeling <25% of the tissue area; 
3  =  chondrogenic remodeling <50% of the tissue area; 
4  =  chondrogenic remodeling <75% of the tissue area; 
5 = chondrogenic remodeling >75% of the tissue area.

F I G U R E  1   Schematic presentation of technical aspects (A) 
and timeline (B) of the experiments. SOD3(−), rats with superoxide 
dismutase-3 deficiency. The schematic “A” is a modified reprint 
from Biomaterials 34(25); Assmann A, Delfs C, Munakata H, 
Schiffer F, Horstkötter K, Huynh K, Barth M, Stoldt VR, Kamiya H, 
Boeken U, Lichtenberg A, Akhyari P; Acceleration of autologous 
in vivo recellularization of decellularized aortic conduits by 
fibronectin surface coating; 6015–6026; 2013, with permission from 
Elsevier.
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2.6  |  Quantitative RNA analysis

By means of quantitative real-time detection polymer-
ase chain reaction (RTD-PCR), the expression of specific 
genes in the explanted grafts was analyzed. Total ribonu-
cleic acid (RNA) was isolated applying a standard guani-
dinium thiocyanate-phenol-chloroform extraction (TRIzol) 
method and a commercially available isolation kit (RNeasy 
Mini Kit; Qiagen, Hilden, Germany). In brief, after tissue 
homogenization in TRIzol (Invitrogen, Carlsbad, CA, USA), 
RNA was precipitated by isopropanol. Passage through a 
deoxyribonucleic acid (DNA)-removing column (Qiagen, 
Hilden, Germany) was followed by RNA sample collection 
and quantity analysis in an Infinite M1000 pro microplate 
reader (Tecan, Maennedorf, Switzerland). RNA integrity 
assessment was conducted using the Agilent RNA 6000 
Nano Kit (Agilent Technologies, Santa Clara, CA, USA). For 
cDNA generation, the QuantiTect Reverse Transcription 
Kit (Qiagen, Hilden, Germany) was utilized according to 
the manufacturer's protocol. Quantitative RTD-PCR was 
conducted on a StepOnePlus cycler (Applied Biosystems, 
Foster City, CA, USA) using the GoTaq qPCR Master Mix 
(Promega, Madison, WI, USA). Relative gene expression 
was calculated using the delta–delta Ct method. Primers for 
the following genes were obtained from Eurofins Genomics 
(Louisville, KY, USA): runt-related transcription factor-2 
(Runx2), osteopontin, alpha-smooth muscle actin (αSMA), 
interleukin-1-beta (Il1β), transforming growth factor-beta 
(TGFβ), tumor necrosis factor-alpha (TNFα), superoxide 
dismutase-1 (SOD1), and superoxide dismutase-3 (SOD3). 
All primer sequences are displayed in Table S1.

2.7  |  Oxidative stress assays

Total SOD activity in the blood serum as well as in homog-
enized samples of the native aorta was assessed by means 
of a tetrazolium salt-based colorimetric assay kit (Cayman 
Chemical, Ann Arbor, MI, USA) according to the manufac-
turer's protocol. For specific measurement of SOD2 activity, 
copper-zinc SOD (SOD1 and SOD3) activity was blocked by 
the addition of 2 mM potassium cyanide. All SOD activity 
values were normalized to the protein content of the respec-
tive samples, assessed by means of the Bicinchoninic Acid 
Protein Assay Kit (Sigma-Aldrich, Taufkirchen, Germany) 
according to the manufacturer's protocol, and the mean 
value of the total SOD activity of the respective control group.

Detection of ROS in the native aorta was conducted by 
a modified lucigenin-mediated chemiluminescence ap-
proach.14 Aortic rings (2 mm thick) were placed in sterile 
Krebs-HEPES (4-[2-hydroxyethyl]-1-piperazineethanesul
fonic acid) buffer (Noxygen, Elzach, Germany) at 37°C in 
the dark. After the addition of 50 μM lucigenin (Santa Cruz 

Biotechnology, Dallas, TX, USA), luminescence was mea-
sured every minute for a total of 30 min and normalized to 
the tissue dry weight and the mean value of the control group.

Absorption in the SOD activity assay and luminescence 
in the ROS detection assay were measured on an Infinite 
M1000 pro microplate reader (Tecan, Maennedorf, 
Switzerland).

2.8  |  Statistics

Data are presented as median and interquartile range (IQR) 
for all continuous variables. Following normality testing 
(D'Agostino-Pearson test), direct group comparisons were 
conducted by two-tailed Mann–Whitney-U tests or two-
tailed Student's t-tests, respectively. Group comparisons 
over time were evaluated by two-way analyses of variance. 
Statistical significance was assigned to p-values lower than 
.05. Data analysis was performed with Graph Pad Prism 
v6.01 (Graph Pad Software, San Diego, CA, USA).

3   |   RESULTS

3.1  |  SOD3 deficiency model

SOD3(−) rats exhibited significantly reduced total serum SOD 
activity when compared to controls (0.32 [IQR, 0.28–0.44] vs. 
0.82 [IQR, 0.75–1.34], p = .0079) (Figure 2A). Neither the total 
SOD activity (p = .9444) nor the SOD2 activity (p = .9444) in 
the aortic wall differed between SOD3(−) and control animals 
(Figure 2B). The amount of ROS in aortic wall tissue was 
similar in both groups (p = .6571) (Figure 2C). Gene expres-
sion of SOD1 was significantly enhanced in the aortic wall of 
group SOD3(−) (p = .0110), and considering SOD1 and SOD3 
together, the expression in group SOD3(−) was increased 
as compared to controls (“group” as source of variation: 
p =  .0033) (Figure 2D). A comparison of the gene expres-
sion of SOD1 and SOD3 in valved aortic conduit explants did 
not reach statistically significant differences between group 
SOD3(−) and controls when calculated for each gene sepa-
rately (SOD1: p > .9999; SOD3: p = .1276), however, consid-
ering both genes together, group SOD3(−) showed increased 
expression as compared to controls (“group” as source of 
variation: p = .0468) (Figure 2E).

3.2  |  Hemodynamic outcome

Animals that deceased in the experiments and thus could 
not be included in the analyses are listed in Table S2.

Echocardiography showed equal severities of the gen-
erated native aortic valve insufficiency in the SOD3(−) 
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and control group (RVTI 0.73 [IQR, 0.64–0.85] vs. 0.68 
[IQR, 0.59–0.77], p  =  .2601) directly after generation. 
Furthermore, the severity of insufficiency resulting in ret-
rograde diastolic flow in the aorta remained stable during 
the whole study period (SOD3(−) vs. controls: RVTI at 
4 weeks p = .2558, RVTI at 12 weeks p = .2865; “time” as 
source of variation: p = .1943) (Figure 3A).

Twelve weeks after implantation, Doppler sonography 
revealed an insufficiency of the implanted aortic conduit 
valve in 58% of the rats in group SOD3(−), while only 31% 
of the control animals exhibited any valvular regurgita-
tion in the graft (p = .2377) (Figure 3B). The severity of 
conduit valve insufficiency was determined by assess-
ment of the RVTI distally of the implant. While directly 
after implantation, no regurgitation was present in either 
group, conduit valve insufficiency developed over time 
(p < .0001), however, without a statistically significant 
difference between the two groups (SOD3(−) vs. controls: 
RVTI at 4 weeks p =  .4656, RVTI at 12 weeks p =  .3964; 
“group” as source of variation: p = .1256) (Figure 3C).

3.3  |  Graft degeneration

All grafts showed signs of hyperplastic intima formation 
(Figure 4A–D). The mean intima thickness presented with 
enhanced but not significantly increased values in group 
SOD3(−) (at 4 weeks: 25.8 μm [IQR 13.3–86.0 μm] vs. 28.0 μm 

[IQR 11.0–50.1 μm] in controls, at 12 weeks: 40.6 μm [IQR 
16.2–75.1 μm] vs. 30.6 μm [IQR 14.5–57.1 μm], “group” as 
source of variation: p = .0979). Calculation of the intima/
media ratios resulted in similar amounts of intima hyper-
plasia in both groups at all time points (“group” as source 
of variation: p = .3164) (Figure 4E).

Aortic wall areas with chondrogenic remodeling, ex-
hibiting cells with chondroid phenotype and surrounding 
glycosaminoglycan accumulation, occurred in the graft 
media as well as in hyperplastic intima regions. In the 
media, these areas seemed to be more frequent in explants 
of group SOD3(−) (Figure  5A–D). However, quantitative 
Movat staining-based analysis just failed to reach statisti-
cal significance (“group” as source of variation: p = .0686) 
(Figure 5E). In the intima, the amount of chondrogenic 
remodeling was similar in both groups (“group” as source 
of variation: p = .2998).

The graft media of SOD3(−) rats presented with pro-
gressive hydroxyapatite deposition over time (p = .0024) 
(Figure  6A–D), which reached significantly increased 
values at 12 weeks when compared to controls (1.56 
[IQR 0.78–1.97] vs. 0.94 [IQR 0.53–1.47], p  =  .0198) 
(Figure 6E). In the intima, the extent of calcification was 
similar in both groups (p =  .5131 at 4 weeks; p =  .6053 
at 12 weeks). Gene expression analyses revealed sig-
nificantly increased Runx2 levels in SOD3(−) rats at 
12 weeks (1.66 [IQR 1.35–3.41] vs. 0.93 [IQR 0.81–1.17] 
in controls, p  =  .0093) (Figure  6F). Osteopontin (1.30 

F I G U R E  2   SOD3 deficiency model. Total SOD activity in the blood serum (A), and SOD activity in the native aorta (B). ROS detection 
in the native aorta (C). SOD gene expression in the native aorta (D) and in valved aortic conduits (E). *p < .05, **p < .01 (in D and E for 
SOD3(−) vs. Control when considering the genes SOD1 and SOD3 together). Upper and lower box margins represent 25% and 75% intervals, 
respectively, with whiskers representing minimum and maximum values. AoC, valved aortic conduit; ROS, reactive oxygen species; SOD, 
superoxide dismutase; SOD3(−), rats with superoxide dismutase-3 deficiency.
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[IQR 0.77–3.17] vs. 1.12 [IQR 0.76–1.39], p = .1843) and 
αSMA (1.33 [IQR 1.06–2.47] vs. 1.08 [IQR 0.66–1.80], 
p  =  .1514) showed slightly elevated gene expression 
without statistical significance.

The inflammatory markers Il1β (p  =  .6126), TGFβ 
(p = .9889) and TNFα (p = .2810) were not differently ex-
pressed in the two study groups (Figure S1).

4   |   DISCUSSION

4.1  |  Oxidative stress animal model

Animal models of enhanced oxidative stress are gener-
ated by either increased ROS generation or decreased 

ROS inactivation. Impairment of ROS inactivation can be 
achieved by reduction of the SOD activity, resulting in su-
peroxide anion accumulation. In mice, genetical modifi-
cations have led to strains with deficiency of specific SOD 
isoforms.15 In humans, loss-of-function mutations in the 
SOD genes do not seem to play a major role, however, 
the common SOD3 gene variant SOD3R213G impairs the 
binding of SOD3 to the cellular surface by modification 
of the heparin-binding domain in humans.16 SOD3R213G 
has been found to be associated with enhanced risk of is-
chemic heart disease,17 increased mortality from ischemic 
heart disease in diabetic patients on hemodialysis,18 and 
in contrast to regular SOD3, an experimental upregula-
tion of SOD3R213G did not protect against endothelial 
dysfunction in the context of hypertension or heart fail-
ure.19,20 Interestingly, the adverse effects of SOD3R213G on 
the course of myocardial ischemia were observed only in 
patients aged >70 years, which parallels findings in SOD3-
deficient mice that SOD3 activity is important to protect 
from endothelial dysfunction, particularly in old ani-
mals.21 These observations speak in favor of pathophysi-
ological mechanisms that either require disease scenarios 
with high oxidative stress levels or accumulation over 
time to result in clinically manifest disease. The existing 
data on SOD3R213G confirm that animal models of SOD3 
deficiency mimic clinically relevant cardiovascular dis-
ease scenarios.

Due to technical limitations inherent to the microsur-
gical model, the mentioned genetically modified mouse 
models are not suitable for the implantation of valved aor-
tic conduits. A rat model of SOD3 deficiency (SOD3E124D 
Dahl/SS background-based strain) has been reported 
to exhibit increased aortic sensitivity to phenylephrine 
and reduced relaxation to acetylcholine when compared 
to SOD3-competent controls.8 Furthermore, this strain 
presents exacerbated monocrotaline-induced pulmonary 
hypertension, pulmonary vascular remodeling, right 
ventricular hypertrophy, and right ventricular fibrosis as 
compared to controls.7 In lung tissue of SOD3E124D rats, 
the total SOD activity was slightly decreased. Both stud-
ies demonstrate pro-degenerative effects of the loss-of-
function mutation on the vasculature of rats. Therefore, 
we have decided to combine our established modular 
model of cardiovascular graft implantation into the sys-
temic circulation with the SOD3E124D rat model.9,13

Only male rats have been included in our study to avoid 
potential effects of the female hormone cycle on graft de-
generation, such as estrogen-dependent protection from 
cardiovascular calcification. Relevant gender effects have 
been shown in arterial and valvular calcification as well as 
in structural aortic valve graft degeneration.22,23

SOD3E124D animals in our study showed significantly 
decreased total SOD activity in the blood serum, which 

F I G U R E  3   Hemodynamic outcome. Time course of the 
severity of native aortic valve insufficiency (A). Development of 
aortic conduit valve insufficiency by week 12 (B). Time course of the 
severity of aortic conduit valve insufficiency (C). Upper and lower box 
margins (in A and C) represent 25% and 75% intervals, respectively, 
with whiskers representing minimum and maximum values. Ao.asc., 
ascending aorta; AoC-AI, insufficiency of the aortic conduit valve; 
pre, directly before AoC implantation; RVTI, ratio of velocity time 
integrals; SOD3(−), rats with superoxide dismutase-3 deficiency.
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is explained by the fact that SOD3 is the most frequent 
SOD isoform in extracellular fluids including blood.24 On 
the contrary, the total SOD activity and the SOD2 activity 
in the aortic wall did not differ between SOD3-deficient 
and SOD3-competent animals. In line with these results, 
the ROS load in the aortic wall was not significantly en-
hanced in the SOD3(−) group. Intracellular SOD activity 
in the aortic wall originates from SOD1 and SOD2, while 
interstitial activity is attributed to the action of SOD3. The 
finding that SOD2 and total SOD activity were similar in 
both groups suggests that either SOD3 did not relevantly 
contribute to the total SOD aortic activity in our rat model, 
so that the loss of function in the SOD3(−) group did not 
influence this parameter, or the SOD3 deficiency resulted 
in compensatory upregulation of the SOD1 activity.

The first hypothesis of low contribution of SOD3 
to the aortic wall SOD activity is supported by the ob-
servation that rats have a low endothelial binding 

affinity of SOD3 and thus low tissue concentrations.25 
Nevertheless, we have observed a trend toward com-
pensatory overexpression of SOD1 and dysfunctional 
SOD3 in the valved conduit explants, both of which are 
copper-zinc SOD isoforms. Maybe, the difference did not 
reach statistical significance due to low animal numbers. 
It speaks in favor of compensatory mechanisms that a 
previous study on the SOD3E124D model revealed a re-
markable SOD activity increase in the resistance arteries 
as compared to SOD3-competent animals.8 Interestingly, 
the gene expression of SOD1, SOD2, and SOD3 was not 
significantly changed. These data are confirmed by ex-
periments in mice with genetical SOD3 deficiency and 
related upregulated copper-zinc SOD activity and pre-
served vascular function during angiotensin-II-induced 
hypertension.26 Again, the upregulation of SOD activ-
ity was not accompanied by an increase in copper-zinc 
SOD protein expression. As underlying mechanisms, 

F I G U R E  4   Graft intima hyperplasia. 
Representative images of hyperplastic 
intima formation 4 weeks (A, B) and 
12 weeks (C, D) after implantation 
in SOD3(−) rats (B, D) or controls (A, 
C). Quantification of the graft intima 
hyperplasia (E). Hematoxylin/eosin 
staining. Scale bars = 400 μm. Upper and 
lower box margins represent 25% and 
75% intervals, respectively, with whiskers 
representing minimum and maximum 
values. SOD3(−), rats with superoxide 
dismutase-3 deficiency.
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an upregulation of the copper chaperone protein for 
copper-zinc SOD and a restoration of the ROS-depleted 
enzyme copper levels were proposed. An actual compen-
satory increase in SOD1 activity in SOD3E124D animals 
may be masked by the fact that the tetrazolium salt-
based colorimetric assay used in the present study does 
not allow for differentiation between SOD1 and SOD3 
activity, since potassium cyanide inhibits the activity of 
both copper-zinc SOD isoforms. Therefore, despite not 
significantly enhanced gene expression, the SOD1 activ-
ity in SOD3E124D animals might be increased compared 
to SOD3-competent rats.

In summary, the SOD3E124D model provides signifi-
cantly decreased antioxidant SOD activity in circulating 
blood, whereas the actual impact on degenerative pro-
cesses in the aortic wall, and thus in aortic conduit grafts, 
might be attenuated due to either low significance of 
SOD3 in the rat aortic wall or potential protective upregu-
lation of the local copper-zinc isoform SOD1.

4.2  |  Valved aortic conduit degeneration

Advanced stages of native aortic valve degeneration ne-
cessitate surgical or interventional heart valve replace-
ment. Our aging societies exhibit increasing numbers 
of elderly patients with aortic valve deterioration, and 
timely valve replacement results in significant improve-
ment of morbidity, mortality, and health-related quality 
of life,27 both underlining the epidemiological signifi-
cance of heart valve grafting. Since graft failure requires 
complex redo procedures with enhanced risk of morbid-
ity and mortality,28 research on the elucidation of de-
generative processes as potential targets for supportive 
therapies to improve the durability of heart valve grafts 
is of major interest.

The revelation of mechanisms of prosthesis degenera-
tion is all the more crucial, as personalized medicine has 
come into the focus of clinical therapy as well as science. 
Based on the understanding of the processes leading to 

F I G U R E  5   Chondrogenic graft 
remodeling. Representative images of 
chondroid tissue degeneration 4 weeks (A, 
B) and 12 weeks (C, D) after implantation 
in SOD3(−) rats (B, D) or controls (A, C). 
Scoring of the chondrogenic graft area 
(E). Movat pentachrome staining. Scale 
bars = 400 μm. (*)p = .0686 (for SOD3(−) 
vs. Control when considering both time 
points together). Upper and lower box 
margins represent 25% and 75% intervals, 
respectively, with whiskers representing 
minimum and maximum values. SOD3(−), 
rats with superoxide dismutase-3 
deficiency.
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graft deterioration, an individual decision on the type of 
graft for surgical or interventional heart valve replace-
ment may be made, particularly in younger patients who 
regularly exhibit a complex genetical predisposition to 
cardiovascular degeneration.

Despite the aforementioned knowledge on the crucial 
role of oxidative stress in atherosclerosis and the adverse 
impact on CAVD progression, scientific reports on the 
role of oxidative stress in biological heart valve graft de-
generation are sparse. A study on biological aortic valve 

F I G U R E  6   Graft calcification. 
Representative images of degenerative 
aortic conduit calcification 4 weeks (A, 
B) and 12 weeks (C, D) after implantation 
in SOD3(−) rats (B, D) or controls (A, C). 
Scoring of the hydroxyapatite deposition 
(E). Gene expression of markers of 
osteogenic transformation (F). von 
Kossa staining. Scale bars = 400 μm. 
*p < .05, **p < .01. Upper and lower box 
margins represent 25% and 75% intervals, 
respectively, with whiskers representing 
minimum and maximum values. αSMA, 
alpha-smooth muscle actin; AoC, valved 
aortic conduit; Runx2, runt-related 
transcription factor-2; SOD3(−), rats with 
superoxide dismutase-3 deficiency.
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prostheses explanted due to graft failure has demonstrated 
an association between calcifying deterioration and ele-
vated oxidized amino acids.29 Biological heart valves have 
also been reported to be generally susceptible to collagen 
deterioration, loss of glutaraldehyde cross-links, and col-
lagenase degradation under oxidizing in vitro conditions, 
the adverse effects of which can be counteracted by oxi-
dant scavenging.30 To the best of our knowledge, the pres-
ent study is the first in vivo experiment addressing the 
impact of reduced antioxidant activity on the degenera-
tion of biological heart valve grafts.

In order to allow for regular motion of the implanted 
aortic conduit valves, native aortic valve insufficiency 
grade II-III was interventionally generated prior to graft 
implantation as previously established.12 Doppler sonog-
raphy revealed equal severity of regurgitation in both study 
groups without a relevant change during the study period, 
so that the hemodynamic conditions for the grafts in both 
groups were steady over time. Directly after implantation, 
all implant valves presented with a normal motion with-
out any regurgitation. After 12 weeks in vivo, some ani-
mals had developed regurgitation of the implanted aortic 
valve. The percentage of functionally impaired implanted 
aortic valve grafts was approximately twice as high in the 
SOD3(−) group when compared to controls (58% vs. 31%). 
Doppler sonography-based quantification showed a signif-
icant progress in the regurgitation severity over time. Due 
to the low animal number per group, neither the occur-
rence of regurgitation nor its quantified severity reached 
statistically significant inter-group differences, however, 
the results suggest a higher risk of early onset of graft de-
generation under SOD3 deficiency conditions.

The implantation of cryopreserved valved aortic con-
duit grafts into the systemic circulation of recipients in 
the present study resulted in moderate adverse intima hy-
perplasia in both study groups. This finding confirms data 
from previous experiments on cryopreserved cardiovas-
cular allografts implanted in rats, in which hyperplastic 
intima formation in the presence of activated myofibro-
blasts was detected.9,31,32

In areas of advanced intima hyperplasia, chondro-
osteogenic transformation typically occurs. The presence 
of myofibroblasts undergoing a transformation toward 
chondroid cells in hyperplastic intima has been previ-
ously described in the herein applied cardiovascular graft 
implantation model.10,33 In line with those observations, 
chondrogenic remodeling with chondroid cells and sur-
rounding proteoglycan accumulation as well as hydroxy-
apatite deposition have been detected in hyperplastic 
intima regions in the present experiments, whereas no dif-
ferences occurred between SOD3(−) and control animals.

In the graft media, similar processes of chondrogenic re-
modeling and calcium deposition were found. In contrast 

to the intima, the media presented with pronounced chon-
droid remodeling and significantly increased calcification 
in SOD3-deficient animals when compared to controls. In 
line with these findings, Runx2 expression was enhanced 
in conduits from SOD3(−) rats, which confirms previous 
data on the role of Runx2 as osteogenic transcription fac-
tor promoting calcifying cardiovascular degeneration.9,34 
In particular, elevated Runx2 levels have been detected 
in valvular interstitial cells under pro-osteogenic stimu-
lation.35 Interestingly, the increase of Runx2 expression 
in that experiment was abrogated when valvular intersti-
tial cells were co-cultured with valvular endothelial cells. 
These findings seem to support data from the present 
study, in which chondro-osteogenic remodeling occurred 
predominantly in the graft media where—in opposite to 
the implant intima—no endothelial cells are present.

Twelve weeks after implantation, valved aortic con-
duits from SOD3(−) and control rats exhibited similar gene 
expression of typical inflammatory markers, such as Il1β, 
TGFβ, and TNFα. Either inflammatory processes were not 
predominantly involved in the increased media calcifica-
tion in SOD3-deficient animals, or their significance was 
not detected. The latter explanation may be caused either 
by the fact that gene expression analyses were conducted 
in whole explants, while differences in calcification oc-
curred only in the graft media so that potential inter-group 
differences may be masked. Alternatively, it may be caused 
by the single analysis time point of 12 weeks, which might 
be too late since inflammation has been reported to be 
particularly involved in the early phase of cardiovascular 
degeneration.36

However, a comparison with different types of vascular 
calcification supports the hypothesis that inflammation 
was not crucially involved in graft degeneration in the 
present study. Aggravated chondro-osteogenic remodel-
ing in SOD3-deficient rats was predominantly observed in 
the implant media. In native arteries, media calcification 
(“arteriosclerosis”) is known to be driven also by oxidative 
stress, while inflammation—in opposite to its significance 
in intima calcification (“atherosclerosis”)—does not play 
a major role.37 Similar pathophysiological processes in 
arterial media calcification and biological heart valve 
graft calcification may explain the site of oxidative stress-
aggravated degeneration, the implant media, as well as 
the minor influence of inflammation. Moreover, this may 
account for the finding that intima hyperplasia was not 
increased in SOD3-deficient rats.

4.3  |  Study limitations

There are different potential explanations why 
SOD3E124D rats showed significantly increased implant 
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calcification, while analysis of other pro-degenerative 
parameters failed to show a statistically significant dif-
ference. One possible reason may be the duration of the 
follow-up period. In a previous study on the SOD3E124D 
model, development of chronic kidney disease, com-
prising focal necrosis and fibrosis, glomerulosclerosis, 
massive proteinaceous cast accumulation with tubu-
lar dilatation, interstitial fibrosis with hypertension, 
and renal failure with increased serum creatinine, was 
not present at 8 weeks, however, it became clinically 
relevant by week 21.38 A low but continuous oxidative 
stress influence seems to be causal. As a consequence, 
studies on the in vivo degeneration of valved aortic con-
duits with follow-up periods beyond 12 weeks would be 
interesting.

Another explanation for moderate degenerative ef-
fects may be the choice of species for our animal model. 
The impact of SOD3 on vascular disease in rats has 
been questioned, since rats exhibit a low binding af-
finity of SOD3 to proteoglycans on the cellular surface, 
so that the interstitial SOD3 content in rat tissues in-
cluding vascular walls is low compared to other mam-
malians.25,39,40 Despite this fact, our study revealed 
enhanced graft degeneration in SOD3E124D rats, and it 
can be speculated that the impact might be even higher 
in humans who exhibit larger amounts of SOD3 in the 
vascular wall tissue.

Additionally, it has to be mentioned that the intracellu-
lar SOD1 is supposed to be the primary regulator of super-
oxide levels in the vascular wall under normal conditions, 
while SOD3 may play a more important role under patho-
physiological conditions.41 Since our SOD3E124D model 
under sodium-depleted diet is not a disease model with 
enhanced ROS generation, the reduction of extracellular 
antioxidant capacity by SOD3 deficiency may not be as 
crucial in terms of graft degeneration. Regarding this as-
pect, an additional disease model, such as hypertension 
induced by high-salt diet for the Dahl/SS-based SOD3E124D 
strain, would be a logical next step. Otherwise, for the 
present proof-of-concept study, our chosen design of di-
minished antioxidant capacity without additional ROS-
enhancing disease has the advantage that no potential 
side effects of such a disease on graft degeneration have 
to be considered.

Furthermore, regarding the characterization of the 
SOD3 deficiency model, the size of the graft explants in 
our small animal model did not allow for additional ROS 
analyses beyond the conducted readout methods. Due to 
ethical concerns, we have not considered respective addi-
tional experiments—with animal numbers high enough 
for statistical comparisons—to be justified, particularly 
not since the ROS load in the nearby aortic wall was 
analyzed.

5   |   CONCLUSIONS

The present study provides the first in vivo evidence that 
impaired antioxidant activity contributes to calcifying de-
generation of biological cardiovascular grafts. Long-term 
and preclinical large animal examinations are required to 
evaluate the significance of this finding in terms of graft 
durability. Furthermore, evaluation of potential protec-
tive effects of antioxidative treatment, such as local bind-
ing of antioxidants to the implants, is warranted.
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