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Given that angiotensin II is used to create mouse models 
of AAA,3 it is possible that angiotensin II receptor blockers 
(ARBs) may prevent the expansion of AAAs. In the case 
of a thoracic aortic aneurysm, losartan has been shown to 
reduce the rate of aortic root dilatation in young patients 
with Marfan’s syndrome.4 In contrast, a recent clinical 
randomized study reported that telmisartan did not affect 
the growth of small AAAs over a period of 2 years among 
participants recruited from Australia, the Netherlands, and 

P atients with smaller-size abdominal aortic aneu-
rysms (AAAs), which are generally defined by a 
maximum short-axis AAA diameter <30 mm,1 

receive no survival benefit from surgical intervention; thus, 
these presurgical stage AAAs (psAAA) are treated with 
medical therapy, primarily antihypertensive medications. 
Although up to 70% of small aneurysms continue to grow, 
which increases the risk of rupture,2 it is unknown what 
type of drugs can effectively delay the growth of AAAs.
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Background: Whether drug therapy slows the growth of abdominal aortic aneurysms (AAAs) in the Japanese population remains 
unknown.

Methods and Results: In a multicenter prospective open-label study, patients with AAA at the presurgical stage (mean [±SD] AAA 
diameter 3.27±0.58 cm) were randomly assigned to treatment with candesartan (CAN; n=67) or amlodipine (AML; n=64) considering 
confounding factors (statin use, smoking, age, sex, renal function), with effects of blood pressure control minimized setting a target 
control level. The primary endpoint was percentage change in AAA diameter over 24 months. Secondary endpoints were changes 
in circulating biomarkers (high-sensitivity C-reactive protein [hs-CRP], malondialdehyde–low-density lipoprotein, tissue-specific 
inhibitor of metalloproteinase-1, matrix metalloproteinase [MMP] 2, MMP9, transforming growth factor-β1, plasma renin activity [PRA], 
angiotensin II, aldosterone). At 24 months, percentage changes in AAA diameter were comparable between the CAN and AML 
groups (8.4% [95% CI 6.23–10.59%] and 6.5% [95% CI 3.65–9.43%], respectively; P=0.23]. In subanalyses, AML attenuated AAA 
growth in patients with comorbid chronic kidney disease (CKD; P=0.04) or systolic blood pressure (SBP) <130 mmHg (P=0.003). 
AML exhibited a definite trend for slowing AAA growth exclusively in never-smokers (P=0.06). Among circulating surrogate candi-
dates for AAA growth, PRA (P=0.02) and hs-CRP (P=0.001) were lower in the AML group.

Conclusions: AML may prevent AAA growth in patients with CKD or lower SBP, associated with a decline in PRA and circulating 
hs-CRP.
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male and postmenopausal female; and systolic blood pres-
sure (SBP) levels (office blood pressure values measured on 
the upper arm using a cuff, except for the case of white coat 
hypertension) ≥120 mmHg (untreated with antihypertensive 
drugs) or not applicable (patients on antihypertensive 
treatment). Participants prescribed antihypertensive medi-
cations such as ARBs, angiotensin-converting enzyme 
inhibitors, mineralocorticoid receptor antagonists, and 
CCBs were allowed to enroll in the study with consent to 
change their oral medications according to the study drug 
assignment. The exclusion criteria were as follows: preg-
nancy; premenopausal women; patients with vasospastic 
coronary artery disease taking CCBs; any past medical 
history of malignancy within the previous 5 years; patients 
with end-stage renal diseases, including those on hemodi-
alysis; and drug allergies to ARB and CCB. In the case of 
patients with white coat hypertension or masked hyper-
tension, the attending physicians referred to the patients’ 
home blood pressure records to confirm their eligibility for 
the study. Blood pressure values in the selection criteria 
referred to office blood pressure values measured on the 
upper arm using a cuff. The procedure for blood pressure 
measurements was not restricted to either Korotkoff 
sounds or oscillatory devices, but changing the procedure 
or device used during the study period was prohibited.

The present study was performed using a randomized 
open-label multicenter and prospective (prospective random-
ized open blinded end-point [PROBE]) design.9,10 There 
was no preregistration for this trial, and patients were 
enrolled consecutively. Patients were randomized using a 
computer algorithm (MINIM; an MS-DOS program for 
running minimization in clinical trials11,12) according to the 
5 confounding factors (statin use, smoking, age, sex, renal 
function; chronic kidney disease [CKD] defined as estimated 
glomerular filtration rate [eGFR] <60 mL/min/1.73 m2) 

the US.5 However, that study was designed as a placebo-
controlled study, which resulted in differences in blood 
pressure levels between the control and treatment arms, 
which may be a confounding bias towards AAA growth. 
Furthermore, considering another study reported racial 
disparity in terms of clinical outcomes for AAA,6 the 
impact of ARBs on AAA growth may be different in the 
Japanese population compared with Western populations.

The aim of the present study was to test the impact of 
popular antihypertensive drugs (i.e., ARBs and calcium 
channel blockers [CCBs]) on Japanese psAAA patients 
using a study design that minimized the influence of blood 
pressure control on AAA expansion. We also explored 
possible mechanisms contributing to AAA growth by mea-
suring circulating biomarker candidates (renin-angiotensin 
system [RAS], vascular remodeling, inflammation, oxida-
tive stress).

Methods
Study Design and Population
The present study tested the impact of an ARB (candesar-
tan [CAN] and CCB (amlodipine [AML]) on the expansion 
of psAAA (Figure 1). Details of the trial protocol are avail-
able in the Supplementary File. The sample size was deter-
mined based on the prevalence of AAA and previously 
published clinical studies that have examined changes in 
AAA diameter using other agents,4,7,8 assuming a risk rate 
of 5%, a power of 80%, and a dropout rate of 10%. Based 
on these considerations, at least 100 patients would have 
to be enrolled in each group to detect a significant difference 
between the 2 groups.

Briefly, the inclusion criteria for the study are as follows: 
patients with aortic aneurysms in the preoperative stage 
(short-axis diameter from 3.0 to <4.5 cm); age ≥40 years; 

Figure 1.  Study overview. *PROBE: pro-
spective randomized open blinded end-
point design. 1°, primary; 2°, secondary; 
AAA, abdominal aortic aneurysm; AML, 
amlodipine; CAN, candesartan; CT, com-
puted tomography; hs-CRP, high-sensi-
tivity C-reactive protein; LDL, low-density 
lipoprotein; MDA, malondialdehyde; 
MMP, matrix metalloproteinase; PRA, 
plasma renin activity; psAAA, abdominal 
aortic aneurysm at the presurgical stage; 
TGF-β1, transforming growth factor-β1; 
TIMP1, tissue-specific inhibitor of metal-
loproteinase 1.
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group allocation, as per procedures that have been reported 
previously.13 All measurements were performed in the cen-
tral laboratory at Nagoya University Hospital (for details, 
see University Hospital Medical Information Network 
[UMIN] Clinical Trials Registry: UMIN000002216). Static 
digital images in the transverse plane of the AAA were 
obtained at the point of maximum diameter. Each image 
was anonymized before measurement and transferred to 
the core laboratory for analysis in a blinded manner. The 
baseline characteristics of each arm are presented in Table 1. 
Furthermore, we assessed the risk of AAA growth, defined 
as percentage change in diameter >20% compared with 
baseline diameter, according to the 5 confounding factors.

Blood Biochemical Analysis
At the baseline and 6-monthly follow-up visits, blood samples 
were collected for analysis of circulating biomarkers (i.e., 
hs-CRP, MDA-LDL, TIMP1, MMP2, MMP9, TGF-β1, 
PRA, angiotensin II, and aldosterone). All analyses were 
conducted at an external laboratory (SRL, Inc., Tokyo, 
Japan) to exclude technical bias.

Statistical Analysis
All analyses were conducted according to intention-to-
treat principles. The effects of CAN or AML on AAA 
growth were assessed using linear mixed models. To com-
pensate for the impact of missing data in the longitudinal 
dataset at a small scale (n=131), we used the mixed-effects 
model for repeated measures (MMRM)14 for data analysis 
to minimize inflation of type I error rates for tests of 
regression coefficient parameters. In addition, exploratory 
analyses were performed, such as correlation analysis for 
each factor, causal analysis of event occurrence, and mul-
tiple regression analysis. The Cox proportional hazards 
model estimated hazard ratios (HRs) comparing CAN 
with AML and 95% confidence intervals (CIs). Multivariate 

that presumably affect AAA expansion (Supplementary 
Table). Patients were recruited between June 18, 2009 and 
September 30, 2013 and randomized to either the CAN or 
AML group using MINIM.

Once enrolled, the control range of SBP was prespecified 
as 120–135 mmHg to minimize the effects of blood pres-
sure. Therefore, patients who were not being with antihy-
pertensive agents and whose SBP was <120 mmHg at entry 
were excluded. During the study, the initial dose of each 
study drug was determined by the attending physicians, 
taking into consideration baseline blood pressure in indi-
vidual patients. If blood pressure control may become 
insufficient (i.e., SBP >135 mmHg), the addition of antihy-
pertensive agents other than the study drugs was permitted 
and was left to the discretion of the attending physician 
under consideration of safety and study criteria.

The primary outcome was the percentage change in the 
maximum orthogonal AAA diameter (measured by plain 
multislice computed tomography [CT]) at the 24-month 
follow-up. Secondary outcomes were the incidence of sur-
gical repair, cardiovascular events, all-cause death, and 
changes in biomarkers (high-sensitivity C-reactive protein 
[hs-CRP], malondialdehyde (MDA)–low-density lipopro-
tein (LDL), tissue-specific inhibitor of metalloproteinase 1 
[TIMP1], matrix metalloproteinase [MMP] 2, MMP9, cys-
tatin C, transforming growth factor [TGF]-β1, plasma 
renin activity [PRA], angiotensin II, and aldosterone) and 
physiological indices. The enrolled patients were followed 
up every 6 months for changes in AAA diameter, blood 
pressure, and circulating biomarkers.

AAA Measurement
Baseline and follow-up measures of AAA diameter (every 
6 months) by plain and multislice CT were performed by 3 
independent researchers (2 clinical nurses and 1 cardiolo-
gist who is a coauthor [T. Mitsui]) who were blinded to 

Table 1. Baseline Characteristics

All patients CAN (n=67) AML (n=64) P value

Age at baseline (years) 73±9   72±10 73±8 0.519

Male sex (%) 85.6 85.1 86.2 0.111

Body weight (kg)   61.9±11.3   61.3±11.9   62.5±10.7 0.589

eGFR (mL/min/1.73 m2)   62.9±15.9   65.4±16.4   60.2±15.1 0.691

LDL (mg/dL) 110.4±30.1 112.2±34.1 108.3±25.1 0.881

SBP (mmHg) 130.2±16.8 129.5±17.7 130.9±1.0　　 0.631

DBP (mmHg)   74.2±12.7   73.2±12.1   75.2±13.2 0.938

AAA diameter (cm) 0.262

  Mean±SD   3.72±0.58   3.66±0.58   3.78±0.57

  Median [IQR] 3.69 [2.78–6.38] 3.56 [2.78–5.48] 3.82 [2.79–6.38]

  No. patients 131 67 64

  Without β-blockers 0.890

    Mean±SD   3.75±0.60   3.74±0.67   3.76±0.70

    Median [IQR] 3.70 [2.78–6.38] 3.68 [2.78–5.48] 3.80 [2.79–6.38]

    No. patients   93 49 44

HbA1c (%)   5.6±0.6   5.6±0.5   5.6±0.7 0.68　　
CAD   1 (0.76)   1 (1.49) 0 (0.0) 0.23　　
Smoking 94 (72.0) 48 (71.6) 46 (72.3) 0.549

Unless indicated otherwise, data are given as n (%) or mean ± SD. P values for comparisons between the AML and 
CAN groups were obtained from t‐tests. AAA, abdominal aortic aneurysm; AML, amlodipine; CAD, coronary artery 
disease; CAN, candesartan; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; IQR, 
interquartile range; LDL, low-density lipoprotein; SBP, systolic blood pressure.
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Results
Characteristics of the Study Population
In all, 132 Japanese patients with AAA were enrolled in 
the present study (Figure 1). One patient withdrew consent 
immediately after enrollment; therefore, 131 patients were 
examined after follow-up at 6, 12, 18, and 24 months. Of 
these 131 patients, 67 were treated with CAN and 64 were 
treated with AML (Figure 1). The baseline characteristics 
of the patients are summarized in Table 1. At study entry, 
the mean age of patients in the CAN and AML groups 
72±10 years (range 44–88 years) and 73±8 years (range 
50–86 years), respectively. The mean AAA diameter was 
3.66±0.58 cm (median 3.56 cm; IQR 2.78–5.48 cm) in the 
CAN group and 3.78±0.57 cm (median 3.82 cm; IQR 2.79–
6.38 cm) in the AML group (P=0.262). Notably, more than 
70% of the study population was male with past or current 
smoking habits (Table 1). There was no difference in blood 
pressure control levels between the CAN and AML groups 
during study period, including at baseline (Supplementary 
Figure 1).

Primary Outcomes
The primary risk with AAA is rupture, which causes critical 
consequences with a high mortality rate.1,15 Accordingly, 
the primary outcome in the present study was the percent-
age change in AAA diameter as a surrogate of AAA 
growth. Although there was a trend for a higher percent-
age increase in AAA diameter in the CAN than AML 
group (8.4% [95% CI 6.23%, 10.59%] vs. 6.5% [95% CI 
3.65%, 9.43%], respectively; Figure 2A), the difference (1.87%; 
95% CI −1.22%, 4.95%) was not statistically significant 
(P=0.233). Furthermore, there was no significant differ-
ence in SBP between the CAN and AML groups (P=0.800; 
Supplementary Figure 1). After patient enrollment in the 
study, the attending physicians adjusted individual patient’s 
antihypertensive medication during the study to maintain 
target SBP control (i.e., 120–135 mmHg) considering safety 
and study criteria (e.g., choosing a drug class other than an 
ARB that could control participants taking the CCB). The 
mean dose of CAN was 7.5±2.7 mg/day and the mean dose 
of AML was 5.1±2.0 mg/day.

A previous study demonstrated the ability of β-blockers 
to retard the progression of a thoracic aortic aneurysm 
according to Class IB recommendations in clinical guide-
lines,16 and several pilot studies have demonstrated the 
controversial role of β-blockers in AAA progression;17 
thus, in the present study we performed a subanalysis to 
evaluate the impact of β-blockers on percentage changes in 
AAA diameter (Table 1; Figure 2B). There was no signifi-
cant difference between the CAN and AML groups in 
patients who were not taking β-blockers (Table 1), despite 
a trend for AML to suppress AAA growth more strongly 
than CAN (P=0.18; Figure 2B).

We next performed a risk assessment of factors that 
could contribute to percentage changes in AAA diameter 
using the Cox hazard model (Table 2). Younger age (<75 
years; P=0.07 in multivariate analysis) and larger AAA 
diameter at baseline (>3.7 cm; odds ratio [OR] 3.09, P=0.07 
in multivariate analysis) were found to be possible risk fac-
tors for AAA expansion. Consistent with previous 
reports,1,18 current smoking and CKD exhibited trends as 
primary risk factors for AAA expansion in this Japanese 
AAA cohort (Table 2).

We next compared the impact of drug treatment on AAA 

Cox regression or analysis of covariance (ANCOVA) was 
used to assess the secondary outcomes. Studies of percent-
age changes in AAA diameter and surgical repair risk were 
exclusively conducted by the biostatistician (A.H.) in a 
blinded manner. Subgroup analyses were performed by T.M. 
and Y.K.B. using JMP Pro version 16.1.0 (SAS Institute 
Inc., Cary, NC, USA). All statistical tests were 2-sided, 
and a P<0.05 was considered significant. Continuous data 
are presented as the mean ± SD or as the median with inter-
quartile range (IQR).

Figure 2.  Primary outcome. (A) Percentage changes in the 
maximum orthogonal abdominal aortic aneurysm (AAA) diam-
eter (measured by plain multislice computed tomography) at 
the 24-month follow-up. The difference between the candes-
artan (CAN; red circles) and amlodipine (AML; blue triangles) 
groups (at the time point of 24 months) was 1.87% (95% 
confidence interval [CI] −1.22%, 4.95%; P=0.233). At 24 
months, the percentage change in AAA diameter was +8.4% 
(95% CI 6.23%, 10.59%) in the CAN group and +6.5% (95% 
CI 3.65%, 9.43%) in the AML group. (B) Subanalysis of the 
effect of β-blockers on the percentage change in AAA diameter 
(Table 1). There was no significant difference between the 
CAN and AML groups in patients who were not taking 
β-blockers (Table 1), despite a trend indicating that AML 
suppressed AAA growth more strongly than CAN (P=0.18). 
Data are the mean ± SD.
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Table 2. Risk Assessment for AAA Expansion

Parameter Category No.  
patients

Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Medication ARB   67 1 1

CCB   64 0.65 (0.16–2.61)　　 0.5407 0.40 (0.10–1.58)　　 0.190

SBP (mmHg) <129   64 1 1

≥129   67 0.59 (0.15–2.37)　　 0.4546 0.70 (0.18–2.76)　　 0.611

Age (years) <75   65 1 1

≥75   66 0.18 (0.03–1.08)　　 0.061　　 0.18 (0.03–1.17)　　 0.072

Sex Male 112 1 1

Female   19 0.32 (0.02–6.11)　　 0.4453 1.15 (0.05–24.05) 0.928

Smoking Never   37 1 1

Current   45 3.30 (0.50–21.74) 0.2137 2.25 (0.39–13.18) 0.367

Past   49 1.28 (0.16–10.41) 0.8169 0.89 (0.12–6.58)　　 0.905

Statin No   64 1 1

Yes   67 1.55 (0.38–6.25)　　 0.5407 1.22 (0.32–4.73)　　 0.769

eGFR (mL/min/1.73 m2) <60   64 1 1

≥60   67 2.64 (0.58–11.99) 0.2078 2.47 (0.61–9.90)　　 0.203

AAAd at baseline (cm) <3.7 1 1

≥3.7 131 1.99 (0.74–5.38)　　 0.1752 3.09 (0.91–10.45) 0.070

All covariates were entered into the adjusted model. Associations are reported for the outcome, namely the percentage change in the 
maximum orthogonal abdominal aortic aneurysm diameter (AAAd; measured by plain multislice computed tomography) at the 24-month 
follow-up vs. baseline diameter. The mean value SBP at baseline was set as the cut-off value (129 mmHg; minimum 94 mmHg, maximum 
143 mmHg). ARB, angiotensin receptor blocker; CCB, calcium channel blocker; CI, confidence interval; OR, odds ratio. Other abbreviations as 
in Table 1.

Figure 3.  Subgroup analysis of percentage changes in abdominal aortic aneurysm (AAA) diameter. Forest plots of hazard ratios 
for confounding factors (age, smoking history, statin treatment, sex, and hypertension) associated with AAA growth. The impact 
of confounding factors was tested in terms of percentage changes in AAA diameter following treatment with candesartan (CAN) 
or amlodipine (AML). CKD, chronic kidney disease; LCL, lower confidence limit; SBP, systolic blood pressure; UCL, upper confi-
dence limit.
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plasma aldosterone activity was significantly higher in the 
AML than CAN group (Figure 4C; P=0.01).

Oxidative stress and inflammation are essential factors 
for the progression of atherosclerosis, including AAA.19 
AML treatment decreased circulating concentrations of 
hs-CRP (Figure 4A), but MDA-LDL and TGF-β levels 
remained unchanged (Figure 4B,C). Regarding the series 
of markers related to matrix remodeling, neither CAN nor 
AML had any significant effect over the 2-year follow-up 
(Supplementary Figure 2). 

Discussion
We found that CAN and AML had comparable efficacies 
on the growth rate of psAAA (Figure 2). However, subgroup 
analysis demonstrated that AML had a better impact on 
percentage changes in AAA diameter in the patient popu-
lation with CKD or better control of blood pressure (i.e., 
SBP <130 mmHg; Figure 3), which may be explained, in 
part, by its antioxidative effects20 or improvement in endo-
thelial function via the protein kinase C/endothelial nitric 
oxide synthase pathway.21

Furthermore, we found that younger patients (age <75 
years; P=0.06) or patients with a larger AAA diameter at 
baseline (>3.7 cm; P=0.07) may be at higher risk of AAA 
growth (Table 2). Smoking is one of the primary risks for 
AAA rupture;22 we consistently found that smoking was 
an immediate risk for surgical repair (HR 5.75; P=0.03; 
Table 3).

One of the strengths of this study is the exploratory 
analysis regarding the surrogate biomarkers of AAA 
growth. To date, several surrogate markers for AAA 
growth and rupture risks have been explored.22 Circulating 
biomarkers22 are convenient and non-invasive for the 
assessment of AAA risk if the diagnostic sensitivity and 
specificity of each of the biomarkers are high enough. 
Unfortunately, fewer studies have investigated circulating 

expansion according to confounding factors (Figure 3). 
AML effectively attenuated AAA growth in the patient 
population with CKD (defined as eGFR <60 mL/min/1.73 m2; 
−2.36; P=0.037) or lower SBP (<130 mmHg [mean SBP at 
baseline]; −4.26; P=0.0029]. Interestingly, the smoking habit, 
including past smoking, may attenuate the preventive 
effect of AML on AAA growth (−2.20%; P=0.063; Figure 3).

Secondary Outcomes
A secondary outcome of the present study was the inci-
dence of surgical repair at 24 months after entry. Five 
patients (1 in the ARB arm, 4 in the AML arm) underwent 
surgical repair. We compared risk factors for surgery in 
terms of medication (CAN or AML), SBP (median 
129 mmHg), age (median 75 years), sex, smoking, statin 
use, CKD, and AAA diameter at baseline (Table 3). Unex-
pectedly, AML treatment had a trend for higher surgical 
risk than CAN (HR 2.615; 95% CI 0.721–9.492; P=0.144). 
Current smoking was the most substantial risk for the 
incidence of surgery (HR 5.751; 95% CI 0.314–28.01; 
P=0.03). Although not statistically significant, statin use 
(HR 0.355; 95% CI 0.046–2.731; P=0.3199) and lowering 
blood pressure (HR 0.562; 95% CI 0.145–2.183; P=0.405) 
may reduce surgical risk.

To investigate pathophysiology in our study population, 
we performed subgroup analysis of surrogate biomarkers 
that are associated with atherosclerosis and vascular remod-
eling, specifically the RAS pathway (PRA, angiotensin II, 
aldosterone; Figure 4A–C), oxidative stress (MDA-LDL; 
Figure 4D), inflammation (hs-CRP; Figure 4E), cell growth/
proliferation (TGF-β; Figure 4F), and matrix remodeling 
(cystatin C, TIMP1, MMP2, MMP9; Supplementary 
Figure 2).

During the 2-year follow-up period, PRA was lower in 
the AML than CAN group (Figure 4A; P=0.02), but 
plasma angiotensin II concentrations tended to be higher 
in the AML group (Figure 4B; P=0.065). In contrast, the 

Table 3. Risk Assessment for Surgical Repair

Parameter Category HR (95% CI) Pr(>ChiSq)

Medication ARB 1

CCB 2.615 (0.721–9.492)　　 0.144

SBP (mmHg) <129 1

≥129 0.562 (0.145–2.183)　　 0.405

Age (years) <75 1

≥75 1.198 (0.181–7.928)　　 0.851

Sex Male 1

Female 1.432 (0.088–23.427) 0.801

Smoking No 1

Yes 5.751 (1.181–28.005) 0.030

Ex-smoker 1.627 (0.314–8.425)　　 0.562

Statin use No 1

Yes 0.355 (0.046–2.731)　　 0.320

eGFR (mL/min/1.73 m2) <60 1

≥60 0.729 (0.131–4.044)　　 0.718

AAAd at baseline (cm) <3.7 1

≥3.7 1.467 (0.202–10.627) 0.705

Associations are reported for the outcome, namely the incidence of surgical repair during the 24-month follow-up 
period vs. no evidence of surgical intervention. AAAd, abdominal aortic aneurysm diameter at baseline; HR, hazard 
ratio; Pr(>ChiSq), probability of obtaining a χ2 value greater than the one shown under the null hypothesis. Other 
abbreviations as in Tables 1,2.
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different effects of CAN and AML on psAAA growth. 
Interestingly, AAA growth has a trend for growing slower 
in the AML group than those CAN (Figure 2A), with PRA 
(Figure 4A; P=0.02) and hs-CRP (Figure 4B; P<0.001) 
levels being significantly lower in the AML than CAN 
group. In contrast, the risk of surgical repair was higher in 
the AML group (Table 2), in which plasma aldosterone 
concentrations were unexpectedly elevated (Figure 4C; 

markers associated with AAA growth, and there is no 
consensus regarding circulating markers introduced into 
clinical practice. In the present study, we selected the bio-
markers associated with AAA pathophysiology, such as 
vascular remodeling (MMPs, TIMP, cystatin C), RAS 
system (PRA, plasma aldosterone, plasma angiotensin II), 
inflammation (hs-CRP), cell growth/proliferation (TGF-
β), or oxidative stress (MDA-LDL), to understand the 

Figure 4.  Secondary outcomes in the 
candesartan (CAN; red) and amlodip-
ine (AML; blue) groups: (A) plasma 
renin activity (PRA), (B) plasma angio-
tensin II (pAT-II), (C) plasma aldoste-
rone concentration (pAC), (D) 
inflammation (high-sensitivity C-reac-
tive protein [hs-CRP]), (E) oxidative 
stress (malondialdehyde (MDA)–low-
density lipoprotein [LDL]), and (F) 
remodeling/cell growth (transforming 
growth factor [TGF]-β1). Analysis of 
covariance (ANCOVA) was used for 
the assessment of secondary out-
comes. All statistical tests were 
2-sided, and P<0.05 was considered 
significant. Data are the mean ± SD.
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Subanalysis of the Multiethnic Study of Atherosclerosis 
(MESA) study revealed that PRA is one of the primary 
risks for atherosclerotic vascular disease (ASCVD),26 with 
plasma aldosterone independent of ASCVD incidence. In 
contrast, aldosterone agonism is suggested as another risk 
factor for aortic dissection and rupture.27 In the present 

P=0.011). A previous study revealed that antihypertensive 
medication affects circulating RAS activity in hypertensive 
patients with primary aldosteronism.23 ARB augments 
PRA24,25 and reduces plasma aldosterone, presumably 
stimulating renin secretion by interrupting angiotensin II 
feedback inhibition.23 In contrast, CCB did not affect PRA. 

Figure 5.  Summary of this study. In this multicenter prospective open-labeled study, the effects of candesartan (CAN; n=67) or 
amlodipine (AML; n=64) on presurgical abdominal aortic aneurysm (AAA) growth and associated biomarkers in the Japanese 
population were evaluated. AML may prevent AAA growth in patients with chronic kidney disease (CKD) or lower systolic blood 
pressure (SBP; <130 mmHg), associated with a decline in plasma renin activity (PRA) and circulating high-sensitivity C-reactive 
protein (hs-CRP). Parts of the figure were drawn using pictures from Servier Medical Art. ARB, angiotensin receptor blocker; BP, 
blood pressure; CCB, calcium channel blocker; CT, computed tomography; LDL, low-density lipoprotein; MDA, malondialdehyde; 
MMPs, matrix metalloproteinases; PRA, plasma renin activity; psAAA, abdominal aortic aneurysm at the presurgical stage; RAS, 
renin-angiotensin system; TGF-β, transforming growth factor-β; Tx, treatment.
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plausible candidates for monitoring AAA growth in the 
presurgical stage.

Acknowledgments
The authors thank the principal investigators, trial coordinators, and 
participants who contributed to the trial.

Sources of Funding
This study was supported by the Clinical Research Grant of the 
Department of Cardiology, Nagoya University Graduate School of 
Medicine, which includes research grants provided by Pfizer and 
Takeda. The funding organizations had no role in the design and 
conduct of the study; collection, management, analysis, and interpre-
tation of the data; preparation, review, or approval of the manuscript; 
and the decision to submit the manuscript for publication.

Disclosures
Y.K.B. reports receiving honoraria from Pfizer and Daiichi-Sankyo 
outside the submitted work. T. Murohara reports receiving lecture 
honoraria from Pfizer, Novartis, Daiichi-Sankyo, Takeda, and 
Mitsubishi-Tanabe outside the submitted work. No other disclosures 
are reported. T. Murohara, Y.K.B. are members of Circulation 
Reports’ Editorial Team.

Author Contributions
T. Mitsui, Y.K.B. had full access to all the data in the study. As a 
result, they take responsibility for the integrity of the data and the 
accuracy of the data analysis. Concept and design: T. Murohara, 
K.N., K.K., Y.K.B; Acquisition, analysis, or interpretation of the 
data: all authors; Drafting the manuscript: T. Mitsui, Y.K.B., T. 
Murohara; Critical revision of the manuscript for important intel-
lectual content: Y.K.B., K.F., R.M., T. Murohara; Statistical analy-
sis: A.H., T. Mitsui, Y.K.B.

IRB Information
This study was approved by the Institutional Review Board of Nagoya 
University Graduate School of Medicine (Reference no. 208014).

Data Availability
The deidentified participant data will not be shared.

References
 1. Schanzer A, Oderich GS. Management of abdominal aortic 

aneurysms. N Engl J Med 2021; 385: 1690 – 1698, doi:10.1056/
NEJMcp2108504.

 2. United Kingdom Small Aneurysm Trial Participants; Powell JT, 
Brady AR, Brown LC, Fowkes FG, Greenhalgh RM, Ruckley 
CV, et al. Long-term outcomes of immediate repair compared 
with surveillance of small abdominal aortic aneurysms. N Engl J 
Med 2002; 346: 1445 – 1452, doi:10.1056/NEJMoa013527.

 3. Golledge J, Krishna SM, Wang Y. Mouse models for abdominal 
aortic aneurysm. Br J Pharmacol 2022; 179: 792 – 810, 
doi:10.1111/bph.15260.

 4. Brooke BS, Habashi JP, Judge DP, Patel N, Loeys B, Dietz HC 
3rd. Angiotensin II blockade and aortic-root dilation in Marfan’ 
syndrome. N Engl J Med 2008; 358: 2787 – 2795, doi:10.1056/
NEJMoa0706585.

 5. Golledge J, Pinchbeck J, Tomee SM, Rowbotham SE, Singh TP, 
Moxon JV, et al. Efficacy of telmisartan to slow growth of small 
abdominal aortic aneurysms: A randomized clinical trial. JAMA 
Cardiol 2020; 5: 1374 – 1381, doi:10.1001/jamacardio.2020.3524.

 6. Li SR, Reitz KM, Kennedy J, Gabriel L, Phillips AR, Shireman 
PK, et al. Epidemiology of age-, sex-, and race-specific hospital-
izations for abdominal aortic aneurysms highlights gaps in cur-
rent screening recommendations. J Vasc Surg 2022; 76: 1216 –  
1226.e4, doi:10.1016/j.jvs.2022.02.058.

 7. Thurston AJ. The early history of tennis elbow: 1873 to the 
1950s. Aust N Z J Surg 1998; 68: 219 – 224, doi:10.1111/ 
j.1445-2197.1998.tb04751.x.

 8. Ishimaru S, Kato M, Kuribayashi S, Matsuo H, Miyata T, 
Nakajima Y, et al. Guidelines for diagnosis and treatment of 
aortic aneurysm and aortic dissection (JCS 2011): Digest version. 
Circ J 2013; 77: 789 – 828, doi:10.1253/circj.CJ-66-0057.

study, we found that PRA was lower in the AML than 
CAN group. In contrast, plasma aldosterone concentrations 
were higher in the AML than CAN group (Figure 4C). 
Furthermore, hs-CRP concentrations were significantly 
lower in the AML group, suggesting that the reduced PRA 
presumably contributed to the attenuation of AAA growth 
via its impact on chronic inflammation (Figure 1). Notably, 
the RAS system controls a biological feedback loop 
between vascular inflammation; for instance, angiotensin 
II upregulates interleukin-6, CRP, or angiotensinogen 
through the Janus tyrosine kinases (JAK)/signal transducers 
and activators of transcription (STAT)/p300 pathway.28 
Interestingly, inflammatory signaling plays a vital role in 
the regulation of (pro)renin expression and activity.29 
Activated inflammatory signaling, including proinflam-
matory cytokines, may serve as a repressor of (pro)renin 
expression in (pro)renin-producing juxtaglomerular 
apparatus cells or renal connecting tubules and collecting 
ducts of the kidney.30 In the present study, we found that 
comorbid CKD was a factor that significantly attenuated 
AAA growth in the AML-treated patients (P=0.04; 
Figure 3), indicating that the amlodipine-mediated anti-
inflammatory effect may result in the suppression of renin 
production (i.e., a decline in PRA) that may contribute to 
aneurysm remodeling.

There was a critical limitation in this study that needs to 
be considered regarding the blood sampling conditions for 
the measurement of RAS activity. Plasma aldosterone 
measurements must be made in patients after a washout 
period for all hypertensive and prior resting to avoid false-
positive and false-negative results.23 In the present study, 
sampling of plasma aldosterone is suggested to take a rest 
(i.e., lay down) for at least 30 min prior to taking the blood, 
which may have affected plasma aldosterone concentra-
tions. Further investigations are warranted. Another study 
limitation is insufficient regulation of medication due to 
safety considerations. Ideally, if patients were taking any 
similar class of antihypertensive medication (e.g., ARBs, 
angiotensin-converting enzyme inhibitors, and CCBs), the 
drugs were supposed to be washed out by cessation for 
several months; however, we anticipated the risk of AAA 
expansion due to drug washout, so we allowed patients 
to be enrolled in the study with consent to change their 
oral medications according to study assignment. The last 
limitations are the small number of enrollments and the 
missing data in the longitudinal analysis, which causes 
underpowered results in terms of statistical significance. 
There is quite limited evidence regarding the prevalence of 
AAA; it is low, ranging from 0.5% to 3.2% of the popula-
tion, or approximately 3 cases per 100,000 people per year, 
as noted in the Japanese guideline.8 Because of the low 
prevalence of AAA, the recent multinational study recruiting 
participants from Australia, the Netherlands, and the US 
over a period of 5 years, faced a similar issue of small 
numbers, with a total number 210 participants (telmisartan, 
n=107; placebo, n=103).5 In this study, we set the target 
number of AAA patients to recruit at 200, with 100 
patients in each group. However, we were not able to recruit 
this number of patients.

In conclusion, the present study provides evidence of a 
beneficial role of AML in the medical management of 
psAAA in the Japanese population to attenuate chronic 
inflammation, presumably via suppression of PRA 
(Figure 5). AML may be another choice for prophylaxis 
management of psAAA. Both hs-CRP and PRA are 



Circulation Reports Vol.5, November 2023

414 MITSUI T et al.

Novel functional risk factors for the prediction of cardiovascular 
events in vulnerable patients following acute coronary syndrome. 
Circ J 2012; 76: 778 – 783, doi:10.1253/circj.CJ-12-0248.

20. Zou J, Li Y, Fan HQ, Wang JG. Effects of dihydropyridine cal-
cium channel blockers on oxidized low-density lipoprotein induced 
proliferation and oxidative stress of vascular smooth muscle 
cells. BMC Res Notes 2012; 5: 168, doi:10.1186/1756-0500-5-168.

21. He Y, Si D, Yang C, Ni L, Li B, Ding M, et al. The effects of 
amlodipine and S(−)-amlodipine on vascular endothelial function 
in patients with hypertension. Am J Hypertens 2014; 27: 27 – 31, 
doi:10.1093/ajh/hpt138.

22. Wanhainen A, Mani K, Golledge J. Surrogate markers of abdom-
inal aortic aneurysm progression. Arterioscler Thromb Vasc Biol 
2016; 36: 236 – 244, doi:10.1161/ATVBAHA.115.306538.

23. Mulatero P, Rabbia F, Milan A, Paglieri C, Morello F, Chiandussi 
L, et al. Drug effects on aldosterone/plasma renin activity ratio 
in primary aldosteronism. Hypertension 2002; 40: 897 – 902, 
doi:10.1161/01.Hyp.0000038478.59760.41.

24. Chen LM, Kim SM, Eisner C, Oppermann M, Huang YN, Mizel 
D, et al. Stimulation of renin secretion by angiotensin II blockade 
is Gsα-dependent. J Am Soc Nephrol 2010; 21: 986 – 992, 
doi:10.1681/Asn.2009030307.

25. Jones MR, Sealey JE, Laragh JH. Effects of angiotensin receptor 
blockers on ambulatory plasma renin activity in healthy, normal 
subjects during unrestricted sodium intake. Am J Hypertens 
2007; 20: 907 – 916, doi:10.1016/j.amjhyper.2007.04.009.

26. Unkart JT, Allison MA, Abdelmalek JA, Jenny NS, McClelland 
RL, Budoff M, et al. Relation of plasma renin activity to subclini-
cal peripheral and coronary artery disease (from the Multiethnic 
Study of Atherosclerosis). Am J Cardiol 2020; 125: 1794 – 1800, 
doi:10.1016/j.amjcard.2020.03.022.

27. Zhu Q, Heizhati M, Lin M, Wang M, Yao X, Gan L, et al. Higher 
plasma aldosterone concentrations are associated with elevated risk 
of aortic dissection and aneurysm: A case-control study. Hyper-
tension 2022; 79: 736 – 746, doi:10.1161/HYPERTENSIONAHA. 
121.18342.

28. Brasier AR, Recinos A 3rd, Eledrisi MS. Vascular inflammation 
and the renin-angiotensin system. Arterioscler Thromb Vasc Biol 
2002; 22: 1257 – 1266, doi:10.1161/01.atv.0000021412.56621.a2.

29. Satou R, Penrose H, Navar LG. Inflammation as a regulator of 
the renin-angiotensin system and blood pressure. Current Hyper-
tens Rep 2018; 20: 100, doi:10.1007/s11906-018-0900-0.

30. Navar LG, Kobori H, Prieto MC, Gonzalez-Villalobos RA. 
Intratubular renin-angiotensin system in hypertension. Hypertension 
2011; 57: 355 – 362, doi:10.1161/HYPERTENSIONAHA.110. 
163519.

Supplementary Files
Please find supplementary file(s);
https://doi.org/10.1253/circrep.CR-23-0071

 9. Kojima S, Matsui K, Ogawa H, Jinnouchi H, Hiramitsu S, 
Hayashi T, et al. Rationale, design, and baseline characteristics 
of a study to evaluate the effect of febuxostat in preventing cere-
bral, cardiovascular, and renal events in patients with hyperuri-
cemia. J Cardiol 2017; 69: 169 – 175, doi:10.1016/j.jjcc.2016.02.015.

10. Hansson L, Hedner T, Dahlof B. Prospective randomized open 
blinded end-point (PROBE) study. A novel design for interven-
tion trials. Prospective Randomized Open Blinded End-Point. 
Blood Press 1992; 1: 113 – 119, doi:10.3109/08037059209077502.

11. Ivers NM, Halperin IJ, Barnsley J, Grimshaw JM, Shah BR, Tu 
K, et al. Allocation techniques for balance at baseline in cluster 
randomized trials: A methodological review. Trials 2012; 13: 120, 
doi:10.1186/1745-6215-13-120.

12. Stephen Evans PR, Simon Day. Minim: Allocation by minimisa-
tion in clinical trials. 2004. http://www-users.york.ac.uk/~mb55/
guide/minim.htm (accessed May 3, 2023).

13. Parr A, Jayaratne C, Buttner P, Golledge J. Comparison of vol-
ume and diameter measurement in assessing small abdominal 
aortic aneurysm expansion examined using computed tomo-
graphic angiography. Eur J Radiol 2011; 79: 42 – 47, doi:10.1016/j.
ejrad.2009.12.018.

14. Mallinckrodt CH, Kaiser CJ, Watkin JG, Molenberghs G, 
Carroll RJ. The effect of correlation structure on treatment con-
trasts estimated from incomplete clinical trial data with likeli-
hood-based repeated measures compared with last observation 
carried forward ANOVA. Clin Trials 2004; 1: 477 – 489, 
doi:10.1191/1740774504cn049oa.

15. Kessler V, Klopf J, Eilenberg W, Neumayer C, Brostjan C. AAA 
revisited: A comprehensive review of risk factors, management, 
and hallmarks of pathogenesis. Biomedicines 2022; 10: 94, 
doi:10.3390/biomedicines10010094.

16. Hiratzka LF, Bakris GL, Beckman JA, Bersin RM, Carr VF, Casey 
DE Jr, et al. 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/
SIR/STS/SVM guidelines for the diagnosis and management of 
patients with thoracic aortic disease: A report of the American 
College of Cardiology Foundation/American Heart Association 
Task Force on Practice Guidelines, American Association for 
Thoracic Surgery, American College of Radiology, American 
Stroke Association, Society of Cardiovascular Anesthesiologists, 
Society for Cardiovascular Angiography and Interventions, Society 
of Interventional Radiology, Society of Thoracic Surgeons, and 
Society for Vascular Medicine. Circulation 2010; 121: e266 – e369, 
doi:10.1161/CIR.0b013e3181d4739e.

17. Baxter BT, Terrin MC, Dalman RL. Medical management of 
small abdominal aortic aneurysms. Circulation 2008; 117: 1883 –  
1889, doi:10.1161/CIRCULATIONAHA.107.735274.

18. Lederle FA, Johnson GR, Wilson SE, Chute EP, Littooy FN, 
Bandyk D, et al. Prevalence and associations of abdominal aortic 
aneurysm detected through screening. Ann Intern Med 1997; 126: 
441 – 449, doi:10.7326/0003-4819-126-6-199703150-00004.

19. Reriani MK, Flammer AJ, Jama A, Lerman LO, Lerman A. 

http://www-users.york.ac.uk/~mb55/guide/minim.htm
http://www-users.york.ac.uk/~mb55/guide/minim.htm

