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ABSTRACT 

 
 

Impact of peroxiredoxin 3 deficiency in vascular smooth muscle cells and 

predictive role of impaired vascular mechanics on angiotensin-II-induced 

abdominal aortic aneurysm formation in mice model 

 
Choongki Kim 

 
Department of Medicine 

The Graduate School, Yonsei University  
 

(Directed by Professor Yangsoo Jang) 
 

 

Abdominal aortic aneurysm (AAA) is known as a degenerative vascular disease 

caused by increased metalloproteinase activity, vascular inflammation, and 

oxidative stress in the vessel wall. Peroxiredoxins (Prdx) 3 is located in 

mitochondria and plays an important role in scavenging endogenous oxidative 

stress. In the study, 24-week-old Prdx3flox/flox SM22-Cre mice were generated for 

conditional knockout of Prdx3 in vascular smooth muscle cells which influences 

vasomotor function and endothelial reactivity considered as vital factors of 

pathogenesis of AAA. Prdx3flox/flox mice was used as a control. AAA was induced 

by continuous infusion of angiotensin-II achieved by subcutaneous implantation 

of mini-osmotic pump. Serial ultrasound evaluation was performed to observe 

occurrence and progression of AAA formation and to measure changes in 
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vascular morphology, dimensions, and mechanical properties as well. Of 14 

Prdx3flox/flox SM22-Cre mice and 9 control mice, AAA was induced in 5 (55%) 

Prdx3flox/flox SM22-Cre mice and 5 (36%) control mice and during the study period. 

Although incidence of AAA, sonography-measured vascular dimensions and 

mechanics did not significantly differ, there was a trend that more aggravated 

forms of AAA were associated with Prdx3 deficiency. Elastin degradation and 

calcific burden were greater in AAA occurred in Prdx3flox/flox SM22-Cre mice than 

those in control mice. Compared with aorta without aneurysmal change, AAA 

was associated with impaired vascular mechanics as well as rapid increase in 

vascular dimension. Early changes in radial wall velocity and fractional area 

change of aorta was observed in mice in which AAA occurred thereafter. The 

model including parameters of early changes in vascular mechanics had greater 

predictability of impending AAA compared with the model based on vascular 

dimensions. Noninvasive diagnostic tools with good feasibility and 

reproducibility may be promising for risk stratification and predicting 

progression of AAA. 

                                                            
Key words : abdominal aortic aneurysm, oxidative stress, peroxiredoxin, vascular 

mechanics 
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Impact of peroxiredoxin 3 deficiency in vascular smooth muscle cells and 

predictive role of impaired vascular strain on angiotensin-II-induced 

abdominal aortic aneurysm formation in mice model 

 

 

Choongki Kim 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Yangsoo Jang) 

 

 

I. INTRODUCTION 

Aortic abdominal aneurysms (AAA) are important causes of cardiovascular 

morbidity and mortality.1 AAA is believed to result from an aberrant interaction 

between genetic factors and the environment which aggravates the normal aging 

processes. The mechanisms of AAA include increased metalloproteinase activity, 

vascular inflammation, mechanical stress and increased reactive oxygen species 

(ROS) production in the vessel wall.1 However, the effective treatment for 

primary or secondary prevention of AAA have not been revealed in previous 

human studies. It is imperative to better understand the mechanisms of this 
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important disease and to provide new, specific drug targets for the treatment of 

AAA. 

Many clinical studies also demonstrated the association between AAA and 

increased oxidative stress in human AAA. ROS production is induced by 

mechanical stress to the vascular wall or by cytokines. Regulating anti-oxidative 

enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase, 

scavenge ROS and, hence, protect cells against oxidative stress 2. Role of local 

oxidative stress in the pathogenesis of AAA has been investigated. Local 

production of superoxide anion was found in human aneurysms.3 Also, 

endothelial and smooth muscle cells from AAA had more oxidative DNA 

damage.4 The markers of systemic oxidative stress such as malondialdehyde were 

shown to be increased in AAA patients.5,6 Human AAA size was closely 

correlated to NADPH oxidase, a major source of superoxide anion in human and 

animal vasculature, which provides the role of this enzyme system in the 

progression and development of the disease.7 Recently, many studies have been 

conducted for exploring the potential modulators of AAA progression regarding 

oxidative stress. Paraoxonase-1 was decreased in plasma of AAA patients, and it 

was shown to protect against AAA development through a decrease in oxidative 

stress, apoptosis and inflammatory cell accumulation.8 The role of each subtype 

NADPH oxidase in the process of AAA progression have been also 

investigated.9,10 Major sources of vascular ROS production include NADPH 

oxidases, xanthine oxidase, uncoupled nitric oxide synthase, and 

mitochondria. Although many previous studies have focused on the role of 

vascular NADPH oxidases as a major source of ROS production, mitochondria 
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also represent one of the most significant sources of cellular ROS generation.11,12 

Mitochondrial ROS production can reach up to 2% of the electron flow, but the 

regulation of mitochondrial ROS generation and its pathophysiological role in 

cardiovascular disease are much less understood. Especially, the role of 

mitochondrial oxidative stress in the pathogenesis of AAA is not clear. In 

angiotensin II-induced aortic aneurysm model, mitochondrial ROS may mediate 

inflammasome activation in macrophage during the initiation of AAA 

formation.13 

Peroxiredoxins (Prdx) are a ubiquitous family of antioxidant enzymes that also 

control cytokine-induced peroxide levels which mediate signal transduction in 

mammalian cells.14 All Prdxs share the same basic catalytic mechanism, in which 

an activesite cysteine (the peroxidatic cysteine) is oxidized to a sulfenic acid by 

the peroxide substrate. Mammals have six different Prdxs, with Prdxs 1, 2 and 6 

located in the cytosol, Prdx3 in the mitochondrial matrix, Prdxs 4 in the 

endoplasmic reticulum and Prdx5 in mitochondria, peroxisomes and the cytosol. 

The potential role of Prdxs classes as novel biomarkers for AAA have been 

demonstrated in previous studies. Prdx1 was suggested as a biomarker for AAA 

15, and Prdx2 expression was increased in ruptured abdominal aortic aneurysms 

compared with nonruptured abdominal aortic aneurysms.16 However, the 

function of human Prdxs in the pathogenesis of AAA is still limited. Furthermore, 

mitochondria are major source of cellular oxidative stress, and this oxidant is 

implicated in the damage associated with aging and a number of pathologies. In 

mammals, Prdxs 3 and 5 are targeted to the mitochondrial matrix. Since Prdx3 is 

a mitochondrial antioxidant and the target for up to 90% of hydrogen peroxide 
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generated in the matrix17, our study focused on the role of endogenous Prdx3 

linking mitochondrial oxidative stress and regulation of AAA.  

The purpose of the study is to investigate the role of Prdx 3 in the smooth muscle 

cells on the formation of AAA in 24-week-old mice model induced by 

angiotensin-II infusion. Furthermore, predictive role of noninvasive sonography 

with vascular strain method was also assessed to detect early change of AAA 

formation in the study. 
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II. MATERIALS AND METHODS 

1. Experimental animal 

A.  Genetic background and breeding 

Prdx3flox/flox C57BL/6J mice were provided from Prof. Sue Goo Rhee in 

Yonsei University. In order to produce Prdx3-knockout in vascular smooth 

muscle cells in mice, Prdx3flox/flox SM22-Cre model was generated by 

crossbreeding between Prdx3flox/flox mice and SM22-Cre mice. SM22-Cre mice 

(Jackson Laboratories Bar harbor, ME, USA) have a conditional allele of a 

cre recombinase allele regulated by the smooth muscle protein-22 (sm22) 

promoter. Prdx3flox/flox mice were assigned as controls and Prdx3flox/flox SM22-

Cre mice were experimental model. Female mice were used for the 

experiments. Control and experimental mice were fed a standard show diet for 

24 weeks before implantation of osmotic pump for AAA formation. All mice 

were cared in accordance with the guideline of International Animal Care and 

Use Committee of Ewha Womans University. 

 

B.  Abdominal aortic aneurysm model 

At 24 weeks, continuous infusion of angiotensin-II was started for induction 

of AAA by osmotic pump. Alzet mini-osmotic pump (model 2004, 0000298) 

from Durect Corporation (Cupertino, CA, USA) was filled with 1,200 

ng/kg/min of Angiotensin II (A9525, Sigma-Aldrich, St. Louis, MO, USA). 

Angiotensin-II osmotic pump will be implanted as usual manner.18 Surgical 

procedure for implantation of the osmotic pump was performed under 

anesthesia with intraperitoneal injection of ketamine (112 mg/kg) and 
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xylazine (11.6 mg/kg) mixture in saline. The osmotic pump was implanted 

subcutaneously through incision at upper back. Effect of continuous infusion 

of angiotensin-II was identified by serial measurement of blood pressure after 

implantation of the osmotic pump. After adaptation period for two weeks, 

stabilized measurement of blood pressure was feasible in all mice models. 

Blood pressure was measured every week by tail cuff with CODA system 

(Kent Scientific Corporation, Torrington, CT, USA). Control and 

experimental mice were fed a standard show diet during the experimental 

period and breed under same circumstances as before. 

 

2. Assessment of abdominal aortic aneurysm 

A. Ultrasound imaging 

Temporal changes in aortic dimension, vascular strain, and mechanical 

properties were assessed by ultrasonography with Vevo 2100 system 

(FUJIFILM VisualSonics, Ontario, Canada). Mice were anesthetized by 

inhalation of 1.5-2% isoflurane with oxygen and placed on heating pad 

throughout the procedure of ultrasonographic imaging. Concentration and 

amount of inhalation gas was adjusted to keep murine heart rate ranged from 

400 to 500 bpm, which is considered to indicate appropriate degree of 

anesthesia. Ultrasonographic probe was placed on murine abdomen after 

complete removal of hair. Two-dimensional mode (B-mode) was used for 

acquisition of trans-axial images and cine clips of abdominal aorta at the levels 

of inter-renal, paravisceral, and supraceliac segments. At each segment of 

abdominal aorta, systolic and diastolic diameters were measured. M-mode 
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image was also acquired to illustrate changes in aortic diameter through a 

pulsation cycle. Long axis images with maximally elongated plane of 

abdominal aorta was also captured at B-mode for measuring aortic area from 

inter-renal segment to segment just below diaphragm. Ultrasonographic 

evaluation was serially performed on day 0, 3, 7, 14, 21 and 28 after 

angiotensin-II infusion. Schematic study flow was illustrated in Figure 1. 

 

 

Figure 1. Schematic study flow 

 

B. Ex vivo imaging 

At 4 weeks of experimental period, mice were euthanized by carbon dioxide 

intoxication for autopsy. Key procedures include as followings: 1) Cutting 

open the mouse thoracic and abdominal cavities. 2) Cutting open right atrium 

to perfuse with saline, and opening left ventricle to remove blood in the aorta. 

3) Harvesting aorta. 4) Fixing and cleansing aorta. Aorta was perfused with 

1x phosphate-buffered saline and isolated. Aortic dilation was assessed by 

quantitative and semi-quantitative evaluation. First, aneurysmal area of aorta 

was measured by capturing and tracing the area with AxioVision software 

(Carl Zeiss, AxioVision AC, Germany). Second, semi-quantitative 
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classification was used for grading for morphological severity of AAA as 

follows19,20: Type  was defied as dilated lumen in the supra-renal region of 

s remodeled tissue in the supra-

renal region that frequently contains thrombus, type  indicates included 

bulbous aortas with visible thrombus and stage, and type  

multiple aneurysms containing thrombus, some overlapping in the suprarenal 

area of the aorta (Figure 2). Typing of AAA was performed by three observers, 

who were blinded to the study allocation and experienced in experiments of 

mice aortic model, and majority decision was accepted for the classification. 

 

 

Figure 2. Representative images of each type of abdominal aortic aneurysm 

defined by Daugherty et al. 

 

C. Histology for elastin degradation and calcification 

Harvested abdominal aorta of mice were fixed by immersion in 10% formalin 
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and embedded in paraffin. Embedded block was cut into -thick sections 

and attached to slides. The samples were collected onto slide at an interval of 

210  and stained with hematoxylin and eosin for 

histological tissue analysis. Russel Movat Pentachrome stain kit (KTRMP; 

American MasterTech Scientific, Lodi, CA, USA) was used for grading 

elastin degradation. Degree of elastin degradation was scored at each section 

of interest as follows: score 1 indicates no degradation, score 2 implies mild 

degradation, score 3 denotes degradation and small thrombus, and score 4 

stands for big or multiple thrombus. Morphology was evaluated in at least five 

microphotographs for each slide by magnified images (4x and 20x) digitally 

captured. Calcium deposition in arterial wall was evaluated by staining with 

2% Alizarin red S (A5533; Sigma-Aldrich, St. Louis, MO, USA) solution. 

Area of calcification which was stained by Alizarin red in the each segment 

of aorta was also captured and quantified by imaging process with AxioVision 

software (Carl Zeiss, AxioVision AC, Germany). The area of aortic 

calcification was also measured in at least five sections for each slide. 

 

D. Vascular mechanics by ultrasound imaging 

Vascular mechanics were measured and calculated based on trans-axial B-

mode images and cine clips for detection of peak systolic and diastolic phase 

of aortic pulsation at each target segments. Radial wall velocity (RWV), 

circumferential strain (CS), and fractional area change (FAC) were measured 

by Vevo Strain software system (FUJIFILM VisualSonics, Ontario, Canada). 

RWV was calculated by difference between systolic (minimal) and diastolic 
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(maximal) aortic diameter during a pulsation cycle divided by time for the 

time between the phases captured by M-mode image. Under assumption of 

homogenous strain of vascular wall during a cardiac cycle, CS was calculated 

by the equation as previously described using the following Equation.  

Equation: CS = 0.5 1  

FAC was measured by percentage changes between diastolic (maximal) and 

systolic (minimal) aortic area. Border of outer vascular wall was manually 

traced on the frame of peak diastolic (maximally dilated) aorta, and the 

boundary line automatically traced the vascular area along cyclic pulsation by 

processing B-mode cine clips. The analyses of the study were performed with 

mean values, which were calculated by 3 values of consecutive pulsation 

cycles. 

 

3. Statistical analysis 

Continuous variables were expressed as mean ± S.E.M. For comparison of 

repeated observations including blood pressure and ultrasound-derived variables, 

one-way repeated ANOVA was used for comparing two groups. Bonferroni 

correction was adopted for post-hoc test of comparison between the time points. 

Considering small numbers and non-linearity, Mann-Whitney U test was 

performed for comparison between the groups. Phenotyping grade of AAA was 

considered as ordinal variable and its comparison between the groups was 

performed by Cochran-Armitage trend test. Relative elastin degradation score 

was averaged and compared by Student’s T-test. To test predictability of early 

changes in dimensional and mechanical parameters acquired by ultrasound 
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imaging and postprocessing, prediction model was adopted by using Random 

Forest model, which is operated by constructing decision trees for classification 

and prediction of individual trees.21 Variable importance score was generated and 

ranked in the model by using package ‘varImp’ command from ‘caret’ package 

in R statistics software.22 For analysis of the predictive value of each model 

including dimensional parameters or including mechanical parameters, area 

under the curve was calculated. P-value <0.05 was considered to be statistically 

significant and significance was indicated by asterisk (* < 0.05, ** < 0.01, *** < 

0.001). 
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III. RESULTS 

1. Response to blood pressure by infusion of angiotensin-II 

Angiotensin-II was infused by mini-osmotic pump, which is designed to maintain 

consistent administration of drug subcutaneously in mice model. Response to 

blood pressure is considered as an indirect parameter to verify continuous effect 

of drug throughout the study period. Baseline blood pressure was stabilized after 

acclimation period for sufficient adaptation of measuring blood pressure for 2 

weeks in the models. As infusion of angiotensin-II was started via implanted 

osmotic pump, blood pressure was gradually elevated in both control and 

experimental mice without significant difference. Elevation of blood pressure 

was consistently shown during the study period with angiotensin-II infusion as 

intended (Figure 3). 

 

Figure 3. Serial change in systolic blood pressure during study period in the mice 

models. Blood pressure was steadily elevated until 4 weeks without difference 

between control and experimental models. 
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2. Serial changes in aortic dimension and vascular mechanics 

A. Effect of Prdx3 knockout in vascular smooth muscle cells 

AAA was induced in 5 (36%) Prdx3flox/flox mice and 5 (55%) Prdx3flox/flox 

SM22-Cre mice during 4-week study period. In control mice with AAA, 

aneurysmal change of aorta was identified within 2 weeks after angiotensin-

II infusion (2 mice at 1 week and 3 mice at 2 weeks). However, aneurysmal 

change was found from 2 to 4 weeks in experimental mice. Baseline aortic 

dimensions were measured before implantation of osmotic pump. Diastolic 

aortic diameters in Prdx3flox/flox mice were 8.3, 10.9, and 11.3 mm at inter-

renal, paravisceral, and supraceliac segments, respectively. Baseline aortic 

diameter were similar between the control and experimental models. 

Baseline vascular mechanics including RWV, CS, and FAC were measured 

at each segment of aorta. There were no significant differences in RWV, CS, 

and FAC between the models (Table). 
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Table. Ultrasound-based measurement regarding diameter and mechanical 

parameters of abdominal aorta in Prdx3flox/flox and Prdx3flox/flox SM22-Cre 

mice at baseline 

Parameters 
Prdx3flox/flox 

(N=14) 

Prdx3flox/flox SM22-Cre 

(N=9) 

Mean aortic diameter, mm 

Inter-renal 8.3 ± 0.6 7.9 ± 0.5 

Paravisceral 10.8 ± 0.8 10.3 ± 0.7 

Supraceliac 11.5 ± 1.3 10.8± 0.6 

RWV, mm/s   

Inter-renal 4.7 ± 1.7 4.0 ± 1.3 

Paravisceral 7.7 ± 2.8 6.5 ± 1.0 

Supraceliac 6.5 ± 1.8 6.4 ± 1.1 

CS, %   

Inter-renal -10.6 ± 3.6 -10.6 ± 5.4 

Paravisceral -11.4 ± 3.8 -12.1 ± 4.7 

Supraceliac -10.9 ± 3.7 -10.6 ± 4.3 

FAC, %   

Inter-renal 22.1 ± 6.7 22.0 ± 6.2 

Paravisceral 22.1 ± 4.5 25.3 ± 5.7 

Supraceliac 17.8 ± 4.5 18.6 ± 2.7 
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Mean aortic diameter was slightly increased during study period at 

paravisceral and supraceliac segments. However, there was no increase in 

aortic diameter among mice which did not occur AAA formation during 

study period. Increase in mean aortic diameter were reflected by AAA 

formation. However, aortic diameter or its temporal changes was not 

influenced by conditional knockout of Prdx3 vascular smooth muscle cells 

(Figure 4). 
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Aortic area was also gradually increased during study period. Aortic area 

tended to be greater in Prdx3flox/flox SM22-Cre mice since 3 weeks of 

angiotensin-II infusion; however, there was no significant difference in 

aortic area between two groups. 

 

 

Figure 5. Serial change in aortic area in Prdx3flox/flox and Prdx3flox/flox SM22-

Cre mice. 
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Vascular mechanics including were serially measured at each segment of 

aorta. RWV seemed to be slightly decreased over time in both models; 

however, there was no significant interval change in RWV at each segment 

of abdominal aorta and no differences in RWV between two models (Figure 

6). As standard error and temporal variation of CS is wide, there was no 

association between Prdx3 knockout in vascular smooth muscle cells and CS 

(Figure 7). Figure 8 illustrated that FAC showed significantly decreased 

during study period. Such temporal change was more profound at 

paravisceral and supraceliac segment compared with those at inter-renal 

segment. However, conditional knockout of Prdx3 did not impact on the 

pattern of changes in FAC during the period. 

 

 

Figure 6. Serial change in radial wall velocity in Prdx3flox/flox and Prdx3flox/flox 

SM22-Cre mice. 
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Figure 7. Serial change in circumferential strain measured in Prdx3flox/flox and 

Prdx3flox/flox SM22-Cre mice. 

 

 

 

 

Figure 8. Serial change in fractional area change of abdominal aorta in 

Prdx3flox/flox and Prdx3flox/flox SM22-Cre mice. 
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B. Abdominal aortic aneurysm and vascular mechanics 

Aortic dimensions including diameter and area were increased significantly 

in mice with AAA formation compared with non-diseased mice (Figures 9, 

10). Aortic diameter at paravisceral and supraceliac segments and aortic 

diameter were rapidly increased after 2 weeks since angiotensin-II infusion 

in mice models occurring AAA. 
 

 

Figure 9. Serial change in aortic diameter at paravisceral and supraceliac 

segments according to occurrence of abdominal aortic aneurysm 
 

 

Figure 10. Serial change in aortic area according to aortic aneurysm 
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While RWV was maintained in mice without AAA, it was gradually 

decreased from very early period at both paravisceral and supraceliac 

segment. Change in RWV during first 7 days was significant at paravisceral 

segment (Figure 11). However, there was no significant association between 

AAA and CS (Figure 12).  

 

Figure 11. Serial change in radial wall velocity according to aortic aneurysm 

 

 

Figure 12. Serial change in circumferential strain according to aortic 

aneurysm 
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Patterns of changes in FAC is similar to those in RWV. FAC at paravisceral 

segment was decreased just after angiotensin-II infusion in mice generating 

AAA while there was no significant change during 4 weeks in mice without 

AAA. Statistical difference in FAC at paravisceral segment presented at 7 

days (Figure 13). Vascular mechanics except CS was changed at very early 

period after angiotensin-II infusion especially at the level of paravisceral 

segment. 

 

 

Figure 13. Serial change in fractional area change according to aortic 

aneurysm 
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3. Ex vivo assessment: Prdx3 knockout and severity of AAA 

Digital image of aorta isolated after 28 days of infusion of angiotensin-II was 

acquired by dedicated imaging software and used for grading phenotype of AAA 

and measuring aortic aneurysmal area. Among AAA occurred in 5 (36%) 

Prdx3flox/flox and 5 (55%) Prdx3flox/flox SM22-Cre mice, more severe phenotype of 

AAA was frequent in Prdx3flox/flox SM22-Cre mice. Of 5 Prdx3flox/flox SM22-Cre 

mice having AAA, 4 mice were classified to generate type 4 AAA, whereas type 

4 AAA was not found in Prdx3flox/flox mice. Although there was no significant 

difference in the incidence of AAA between two mice models, there was a trend 

to have more aggravated form of AAA in Prdx3flox/flox SM22-Cre mice compared 

with Prdx3flox/flox mice (P=0.10 for trend, Figure 14). 
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Figure 14. Incidence of each type of angiotensin-II-induced aortic aneurysm in 

Prdx3flox/flox and Prdx3flox/flox SM22-Cre mice at 28 days. AAA denotes abdominal 

aortic aneurysm. 
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Aneurysmal area was also measured and compared between Prdx3flox/flox and 

Prdx3flox/flox SM22-Cre mice. Even excluding 1 case of ruptured AAA, mean 

aneurysmal area of Prdx3flox/flox SM22-Cre mice was significantly greater (19.5%) 

than that of Prdx3flox/flox mice (7.7%, P<0.001, Figure 15).  

 

 

Figure 15. Ex vivo analysis of aneurysmal area in Prdx3flox/flox and Prdx3flox/flox 

SM22-Cre mice at 28 days. 
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4. Histologic evaluation 

Because 1 case of AAA was ruptured before harvest aorta in Prdx3flox/flox 

SM22-Cre mice, histologic analysis was performed in AAA segments of 5 

Prdx3flox/flox and 4 Prdx3flox/flox SM22-Cre mice. 

 

A. Elastin degradation 

Grading of elastin degradation was performed as a semi-quantitative manner 

at each slides of interest in segment of AAA. Nevertheless, it is found that 

mean relative elastin degradation scores were 2.4 and 3.6 in Prdx3flox/flox and 

Prdx3flox/flox SM22-Cre mice, respectively (P=0.04). The findings indicate 

that greater burden of elastin breakage and thrombus was more frequent in 

AAA occurred in Prdx3flox/flox SM22-Cre mice than those in Prdx3flox/flox mice 

(Figure 16). 

B. Vascular calcification 

Alizarin red S stained area was used for quantification of calcific burden of 

AAA. Figure 17 shows different patterns of aortic calcification in Prdx3flox/flox 

and Prdx3flox/flox SM22-Cre mice. Mean calcified area of AAA in Prdx3flox/flox 

SM22-Cre mice was significantly greater than that in Prdx3flox/flox mice (11.5% 

vs. 23.5%, P=0.02). The findings indicate that Prdx3 deficiency in vascular 

smooth muscle cells accelerated deposition of calcification in aneurysmal 

area.
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5. Predictive role of vascular mechanics 

In the analysis, the association between early changes in vascular mechanics and 

dimensional parameters and development of AAA was investigated. Interval 

change between at baseline and 7 days in each parameter was included in the 

prediction model. Random forest model including the parameters was suggested 

to predict AAA. Relative importance of each variable for prediction of AAA was 

illustrated in Figure 18. Early changes in RWV and FAC at paravisceral and 

supracelialc segment have greatest importance for prediction of impending AAA. 

However, predictive value of CS was not remarkable in the model. Early change 

in aortic diameter at supraceliac segment, which is most commonly involved with 

aneurysmal change, had greater importance than other dimensional parameters 

for predicting AAA. Performance of two prediction models including early 

changes in dimensional parameters (Model 1) and early changes in vascular 

mechanics (Model 2) were illustrated in Figure 19. Area under curve of Model 2 

was 0.773, which was greater than that of Model 1 (0.664). These diagnostic tests 

imply that prediction of impending AAA would be more efficient when vascular 

mechanics were considered for the prediction. 
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Figure 18. Relative importance of early changes in vascular mechanics and aortic 

dimension for predicting impending aortic aneurysm. P1, P2, and P3 indicate 

inter-renal, paravisceral, and supraceliac level of abdominal aorta. 
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Figure 19. Predictability for impending aortic aneurysm using early changes in 

dimensional parameters and vascular mechanics. The area under curve (AUC) 

illustrates the correlation between (1-specificity) and sensitivity of the prediction 

model. Conventional logistic regression model was adopted for the prediction in 

each model including parameters of interest. Greater AUC value stands for better 

predictive performance. 
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IV. DISCUSSION 

In the study, Prdx3flox/flox SM22-Cre mice were generated to eliminate the effect of 

Prdx3 in vascular smooth muscle cells on the development of AAA. It is 

reasonable that conditional knockout of Prdx3 in vascular smooth muscle cells 

may increase mitochondrial oxidative stress because of lacking effective 

elimination of oxidative stress in the vessels. The findings of present study 

support the potential risk of increasing oxidative stress on AAA formation. 

Although the incidence of AAA was not significantly influenced by Prdx3 

deficiency, it was more aggravated and severe if occurred in mice with Prdx3 

deficiency in vascular smooth muscle cells. The findings are concordant with 

histological analysis that conditional Prdx3 deficiency in vascular smooth muscle 

cells was associated with facilitated degradation of elastin and deposition of 

calcium at diseased vessels. Because most cases of AAA abruptly occurred, 

morphological or anatomical changes such as gradual dilatation of aortic 

dimension was not predictive for incidence of AAA. Instead, vascular mechanics 

such as RWV and FAC seemed to be more useful for prediction of AAA in the 

mice models. 

Previous studies have pointed out the close interaction between oxidative stress 

and many diseases or aging processes. Oxidative stress causes cellular 

dysfunctions and degeneration, that oxidative stress can provide a link between 

most known mechanisms of AAA. However, its value as the crucial key indicator 

or relevant mechanisms are still limited. Overproduction of ROS may 

subsequently induce inflammation, matrix metalloproteinase activity, smooth 

muscle cell apoptosis or changes in collagen properties.23,24 Oxidative stress is 
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invariably increased in, and contributes importantly to, the pathophysiology of 

inflammation. Oxidative stress can be defined as tissue damage occurring 

secondary to increased production and/or decreased destruction of ROS. Thus, 

the balance between production and destruction of ROS depends not only on the 

activity of ROS-generating systems.25 

A mitochondrial antioxidant protein, Prdx3 has been known to control tissue 

remodeling, extracellular matrix degradation and pathogenesis of 

malignancy.26,27 In cardiovascular field, a protective role of Prdx3 was suggested 

that its overexpression prevents left ventricular remodeling and heart failure after 

myocardial infarction.28 However, overexpression of Prdx3 was also shown to be 

associated with ventricular dysfunction and adverse cardiac remodeling in 

patients with dilated cardiomyopathy.29 In recent study accompanied with this 

research, Lee demonstrated a protective role of Prdx3 on formation of AAA in 

young mice models (8-10 weeks old).30 The study showed lack of Prdx3 in 

vascular smooth muscle cells was significantly associated with increased 

incidence of AAA in young mice. The present study supports the role of Prdx3 

on aggravation of AAA in mature mice models. However, tremendous area of the 

knowledge regarding mitochondrial oxidation and its scavenging protein for the 

pathogenesis and protection of cardiovascular disease is unexplored yet. 

Most in vivo assessment of AAA was used by conventional method of 

sonography, which can evaluate the morphology, size, and basic hemodynamics 

of abdominal aorta. However, the diagnostic value of sonography in the early 

phase of AAA formation is not well evaluated. Many clinical and experimental 

trials support the role of strain imaging method to diagnose the early change of 
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diseased status or to predict the disease progression. Vascular stiffness has been 

known as important cardiovascular risk factor beyond traditional clinical risk 

factors.31,32 Ultrasonographic vascular mechanics have been studied for diagnosis 

of early pathogenesis of varying cardiovascular disease in human researches.33 

Vascular stiffness implies resistance to vascular deformation and a reduced 

capacity for arterial expansion and recoil. Clinical studies demonstrated impaired 

vascular mechanics in patients with AAA. In three-dimensional ultrasound 

speckle tracking analysis of human aorta, reduced strain and more pronounced 

temporal dyssynchrony was shown to be associated with AAA.34 Clinical studies 

have been also suggested that vascular mechanics of carotid artery would be 

useful as a more sensitive method for assessment of vascular stiffness compared 

with conventional ultrasonographic evaluation. Previous clinical researches 

demonstrated that impaired vascular mechanics is independently associated with 

hypertension, severity of coronary atherosclerosis, and increased cardiovascular 

risk.35-37 Furthermore, the other previous study reported that reduced aortic strain 

and distensibility is a sensitive and specific marker of vascular aging in young 

age adult.38 Such findings suggest that novel aortic mechanics may have a 

prognostic value; however, it is still limited that prognostic value of vascular 

strain or other metrics reflecting vascular function is uncertain. As it requires 

large amount of resources including long-term longitudinal studies including 

large number of participants to verify the prognostic role of such sensitive 

markers, it should examine the hypothesis of prognostic role of vascular 

mechanics on degenerative vascular disease. In the study, early changes in 

vascular circumferential strain occurred in the mice which developed AAA by 
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angiotensin-II infusion. In clinical study, impaired vascular strain is obviously 

seen in both thoracic and abdominal aortic aneurysm.39 The findings of previous 

studies imply that diseased and dilated segment of aorta lose vasomotor activity 

not only in the diseased segment but also in the adjacent segment.39 It is possible 

that such mechanical impairment may be prescient for further expansion or 

aggravation of AAA. Similar to the clinical research, our induced AAA model 

had significantly impaired vascular mechanical profiles including radial wall 

velocity, circumferential strain, and fractional area change compared with the 

subjects without AAA formation. Importantly, early detection of changes in 

vascular mechanics may play a prognostic role on the degenerative vascular 

disease as we demonstrated in the study. Dimensional change was not predictable 

before occurrence of AAA. It is notable that aortic dilation and formation of AAA 

was not gradually induced in the experimental models. As early progress and 

formation of AAA is hardly known, it may be reasonable that impaired vascular 

integrity and function, which would be only measurable by very sensitive 

methods, may be linked to rapid progression of aneurysmal change. Literatures 

and the findings of the study also supports that vascular mechanics may be useful 

to assess impairment of subclinical vascular integrity and function and to predict 

vascular dilation and aneurysmal formation. Further studies will be needed to 

establish the prognostic value of vascular mechanics with more detailed strain 

indices and its association at each stage. It should be concerned that vascular 

mechanics assessed by ultrasound sonography in the mice model may not be 

identically applied to the other experimental model. Because it has not been 

known about the reference range of vascular mechanical metrics in the mice 
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model, serial changes and comparisons between the comparable groups were only 

measured and assessed. As ultrasound is known to be user-dependent, 

reproducibility of the measurements may differ according to the experimental 

models. Vascular measurements may also be influenced by sympathetic activity 

and anesthesia of the mice model and would affect the consistency of 

measurements. Further studies may be extended to the other models having 

different genetic background, age, and atherogenic conditions. As vascular 

mechanics assessed by three-dimensional ultrasound and magnetic resonance 

imaging is feasible in clinical studies, novel diagnostic tools and metrics may be 

also promising for prediction of degenerative vascular disease. 
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V. CONCLUSION 

Deficiency of Prdx3 in vascular smooth muscle cells impacted on aggravation of 

angiotensin-II-induced AAA including elastin degradation and calcium 

deposition in 24-week mice models. Early changes in vascular mechanics 

including RWV and FAC played a predictive role for impending AAA while 

changes in aortic dimension did not impact on the incidence of AAA. Novel 

diagnostic methods to detect sensitive changes in vascular mechanics assuring 

feasibility and reproducibility may be promising for risk stratification and early 

detection of degenerative vascular disease. 
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