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Abstract

Background: Angiotensin (Ang)I is cleaved by angiotensin-converting enzyme (ACE) to 

generate AngII. The purpose of this study was to determine the roles of ACE in endothelial and 

smooth muscle cells in aortic aneurysms.

Methods and Results: AngI infusion led to thoracic and abdominal aortic aneurysms in low-

density lipoprotein receptor-deficient mice, which were ablated by ACE inhibition. Endothelial or 
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smooth muscle cell-specific ACE deletion resulted in reduction of AngI-induced thoracic, but not 

abdominal, aortic dilatation.

Conclusions: AngI infusion causes thoracic and abdominal aortic aneurysms in mice. ACE in 

aortic resident cells has differential effects on AngI-induced thoracic and abdominal aortic 

aneurysms.
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The renin-angiotensin system (RAS) plays a critical role in the development of thoracic and 

abdominal aortic aneurysms (TAAs and AAAs, respectively). Angiotensin (Ang)II is the 

principal effector of this system and is generated from AngI by the activity of angiotensin-

converting enzyme (ACE). Therefore, it would be expected that pharmacological ACE 

inhibition would attenuate aneurysm formation; however, the efficacy of ACE inhibitors 

remains controversial. Several animal studies have suggested potentially beneficial effects of 

ACE inhibitors against AAAs,1,2 but their effects on TAA formation vary according to 

animal models.3,4 Clinically, one non-randomized study reported that an ACE inhibitor 

suppressed TAA growth in patients with Marfan syndrome,5 whereas clinical evidence of 

effects of ACE inhibitors on AAAs is inconsistent.6,7 Therefore, further studies are needed 

to clarify the effects of ACE on aneurysm formation.

Chronic AngII infusion in mice is an established model to define the mechanisms of TAAs 

and AAAs.8,9 However, AngII is downstream of ACE in the RAS. Therefore, an aneurysm 

model using exogenous AngII administration is not optimal for investigating the role of ACE 

in the pathophysiology of aortic aneurysms.

In this study, we demonstrated TAA and AAA formation in hypercholesterolemic mice by 

subcutaneous infusion of AngI, the precursor of AngII. This mouse model enabled us to 

address the role of conversion of AngI to AngII in the pathophysiology of aortic aneurysms. 

Subsequently, using this mouse model, we also examined the effect of ACE deletion in 

either endothelial or smooth muscle cells (SMCs) on TAA and AAA formation.

Methods

Detailed methods are available in Supplementary File. Data supporting the findings reported 

in this manuscript are available from the corresponding authors upon reasonable request.

Results

AngI-Induced TAA and AAA in Mice

We first investigated the role of AngI in TAA and AAA formation in low-density lipoprotein 

receptor-knockout (Ldlr−/−) mice. Subcutaneous AngI infusion led to expansion of the 

thoracic aorta in the ascending, but not descending, region (Figure 1A,B). Abdominal aortic 

diameter was also increased by infusion of AngI compared with the infusion of saline 

(Figure 1C,D). AAA formation was detected primarily in the suprarenal abdominal aorta 
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(Figure 1C). The regional specificity of aneurysm formation being dominant in the 

ascending and suprarenal abdominal regions was consistent with AngII-induced TAA and 

AAA mouse models.8,9 In addition, the severity of AngI-induced thoracic and abdominal 

aortic dilation was equivalent to that observed following AngII infusion (Figure 2A,B). 

Because inflammation plays an important role in the development of aortic aneurysms, 

immunostaining of CD45, a leukocyte marker, was performed on aortic cross-sections from 

the ascending, descending thoracic, suprarenal, and infrarenal regions. AngI induced 

leukocyte accumulation predominantly in the adventitia (Supplementary Figure 1). AngI-

induced leukocyte accumulation was detected in both disease-prone regions (ascending and 

suprarenal abdominal regions) and disease-resistant regions (descending thoracic and 

infrarenal aortas). Because ACE cleaves AngI to produce AngII, we then investigated the 

role of ACE in the development of AngI-induced TAAs and AAAs using enalapril, an ACE 

inhibitor. ACE inhibition significantly attenuated aneurysm formation in both the thoracic 

and abdominal regions (Figure 1A-D). These results support the notion that AngI induces 

TAA and AAA formation through an ACE-dependent mechanism to a severity that is 

comparable to that seen in the AngII-induced model.

Effects of ACE Deletion in Aortic Resident Cells on AngI-Induced TAAs and AAAs

ACE is related to AngI-induced aortic aneurysms and is abundant in endothelial cells. 

Therefore, we investigated endothelial cell-specific effects of ACE on aneurysm formation. 

AngI was infused in Ldlr−/− mice with ACE deletion in endothelial cells and in wild-type 

littermates. Endothelial-specific deletion of ACE led to mild reduction in AngI-induced 

ascending aortic dilation, whereas abdominal aortic dilation was not suppressed (Figure 

3A,B). Because ACE is also present in SMCs, we next examined the effects of ACE in 

SMCs. Similar to ACE deletion in endothelial cells, SMC-specific deletion of ACE 
attenuated, in part, AngI-induced ascending aortic dilation, but had no effect on abdominal 

aortic dilation (Figure 3C,D). Thus, ACE in endothelial cells and SMCs individually has 

modest effects on AngI-induced TAAs, but has no effect on AngI-induced AAAs.

Effects of AngI Infusion on Aortic ACE Localization

Because ACE plays a role in the pathogenesis of AngI-induced TAAs and AAAs, we 

investigated localization of aortic ACE in the early phase of AngI infusion (5 days). ACE 

localization was examined in disease-prone and -resistant regions. ACE was abundant in the 

aortic intima and adventitia, with modest abundance in the media (Figure 4; Supplementary 

Figure 2). These abundance patterns were not different between disease-prone and -resistant 

regions and were not changed by AngI infusion.

Discussion

This study demonstrated that chronic subcutaneous AngI infusion induced formation of 

TAAs and AAAs, which comparable to the effects of AngII on aortic dilatations. The 

dilatation in thoracic, but not abdominal, aorta was partially attenuated by ACE deletion in 

either endothelial cells or SMCs.

Sawada et al. Page 3

Circ J. Author manuscript; available in PMC 2020 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The RAS plays a critical role in cardiovascular diseases, included aortic aneurysms and 

atherosclerosis. AngI is the inactive decapeptide in the RAS, and is converted into the active 

octapeptide AngII. We have previously reported the effects of AngI in the pathophysiology 

of atherosclerosis.10 Chronic AngI infusion augmented atherosclerotic plaque size in 

hypercholesterolemic mice, which was inhibited by an ACE inhibitor. The present study 

showed the same effect on aneurysm formation: AngI infusion led to aortic aneurysm 

formation, which was suppressed by ACE inhibition. Importantly, the severity of AngI-

induced atherosclerosis and aortic aneurysms is comparable to that of AngII-induced aortic 

phenotypes. These data support the notion that infused AngI is converted into AngII, thereby 

leading to aortic pathologies.

Pharmacological ACE inhibition prevented AngI-induced TAAs and AAAs, which provides 

solid evidence that ACE is the major enzyme to cleave AngI into AngII in this mouse model. 

In previous studies, we demonstrated that enalapril, an ACE inhibitor, exhibited comparative 

effects to losartan, an AngII receptor blocker (ARB), on atherosclerosis in mice.11 However, 

no studies have compared effects of ACE inhibitors and ARBs on TAAs or AAAs. It would 

be important to compare these two classes of drugs on TAAs and AAAs side by side. 

Because AngII is produced by ACE, the TAA and AAA mouse models created by 

administration of exogenous AngII cannot be used to address the effects of ACE vs. 

angiotensin AT1 receptors on aneurysm formation. The AngI-induced aneurysm mouse 

model is an optimal model to compare the effects of ACE inhibitors and ARBs.

In the present study AngI induced accumulation of leukocytes in the entire aorta, but AngI-

induced aortic dilatation was predominantly located in the ascending and suprarenal 

abdominal regions. In addition, deletion of ACE in either endothelial cells or SMCs had 

modest effects on TAAs, but not AAAs. Therefore, AngI-induced aneurysm formation and 

the effects of vascular ACE are regionally specific. Although ACE plays a pivotal role in the 

pathogenesis of TAAs and AAAs, aortic ACE localization did not differ among regions and 

was not changed by AngI. Therefore, there is no direct evidence that ACE contributed to the 

regional specificity of AngI-induced TAAs and AAAs. A potential mechanism for this 

regional specificity is difference in the embryonic origins of SMCs. SMCs in the aorta have 

various origins, and these origins show unique distributions.12,13 The regional specificity of 

TAAs corresponds to the distribution of SMC embryonic origins in the ascending aorta. 

Because different aortic regions exhibit different biological behaviors,12 the distinct SMC 

origins provide a basis for this specific pathological feature. Another potential mechanism is 

the interaction between AngII and the AT1A receptor. Whole-body AT1A receptor deletion 

ablates AngII-induced TAA and AAA formation.14,15 Surprisingly, deletion of the AT1A 

receptor in SMCs had no significant effect on AngII-induced TAAs and AAAs, even though 

SMCs are a major cellular component of the aorta.15,16 The AT1A receptor is also expressed 

in aortic endothelial cells, but deletion of AT1A receptors in endothelial cells had a modest 

effect on AngII-induced TAAs and no effect on AngII-induced AAAs.15,16 Therefore, 

endothelial cells also have differential biological functions in different aortic regions, which 

may contribute to the regional specificity of TAA and AAA formation.

ACE is considered the principal enzyme responsible for converting AngI to AngII. In the 

present study, AngI-induced aortic aneurysms were ablated by ACE inhibition. Therefore, 
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AngI-induced aneurysms are formed through an ACE-dependent mechanism. However, 

deletion of ACE in either endothelial cells or SMCs had mild effects on TAAs, and no effect 

on AAAs, although endothelial cells and SMCs contribute to aortic ACE activity.17 Thus, 

ACE in these cells has the potential to interact cooperatively to promote TAA and AAA 

formation. In addition to its presence in the aortic wall, ACE is abundant in many cell types 

and organs. Therefore, AngI could be converted to AngII by ACE in many cells and tissues, 

including subcutaneous and perivascular tissues. This may explain why ACE deletion in 

either endothelial cells or SMCs had no effect on AAA formation. Further studies are 

needed to clarify the kinetics of AngI conversion to AngII.

Several enzymes can convert AngI into AngII, including chymase and cathepsin G. Many 

studies have reported contributions of these enzymes to aneurysm formation. The abundance 

of chymase is increased in human TAA tissues,18 and human AAA tissues exhibit increased 

expression of cathepsin G.19 Genetic or pharmacological inhibition of these enzymes 

attenuates aneurysm formation in mice.19,20 Because the efficacy of ACE inhibition is not 

consistent in the aortic aneurysm field,1-7 these enzymes should be taken into account when 

studying mechanisms of TAAs and AAAs formation.

In summary, this study demonstrated equivalent effects of AngI and AngII on TAA and 

AAA formation that were mediated by the function of ACE. AngI-induced TAAs, but not 

AAAs, were partially attenuated by ACE deletion in aortic resident cells. The AngI-induced 

aortic aneurysm mouse model is optimal to explore the precise effects of ACE in the 

pathophysiology of TAAs and AAAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sources of Funding

The studies reported in this manuscript were supported by the National Heart, Lung, and Blood Institute (NHLBI; 
HL133723, HL139748). H.S. is supported by an American Heart Association postdoctoral fellowship 
(18POST33990468). C.W. is a K99 awardee of the NHLBI (K99HL145117).

References

1. Inoue N, Muramatsu M, Jin D, Takai S, Hayashi T, Katayama H, et al. Involvement of vascular 
angiotensin II-forming enzymes in the progression of aortic abdominal aneurysms in angiotensin II-
infused ApoE-deficient mice. J Atheroscler Thromb 2009; 16: 164–171. [PubMed: 19556720] 

2. Liao S, Miralles M, Kelley BJ, Curci JA, Borhani M, Thompson RW. Suppression of experimental 
abdominal aortic aneurysms in the rat by treatment with angiotensin-converting enzyme inhibitors. J 
Vasc Surg 2001; 33: 1057–1064. [PubMed: 11331849] 

3. Habashi JP, Doyle JJ, Holm TM, Aziz H, Schoenhoff F, Bedja D, et al. Angiotensin II type 2 
receptor signaling attenuates aortic aneurysm in mice through ERK antagonism. Science 2011; 332: 
361–365. [PubMed: 21493863] 

4. Huang J, Yamashiro Y, Papke CL, Ikeda Y, Lin Y, Patel M, et al. Angiotensin-converting enzyme-
induced activation of local angiotensin signaling is required for ascending aortic aneurysms in 
fibulin-4-deficient mice. Sci Transl Med 2013; 5: 183ra158.

Sawada et al. Page 5

Circ J. Author manuscript; available in PMC 2020 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Yetman AT, Bornemeier RA, McCrindle BW. Usefulness of enalapril versus propranolol or atenolol 
for prevention of aortic dilation in patients with the Marfan synd6rome. Am J Cardiol 2005; 95: 
1125–1127. [PubMed: 15842990] 

6. Bicknell CD, Kiru G, Falaschetti E, Powell JT, Poulter NR. An evaluation of the effect of an 
angiotensin-converting enzyme inhibitor on the growth rate of small abdominal aortic aneurysms: A 
randomized placebo-controlled trial (AARDVARK). Eur Heart J 2016; 37: 3213–3221. [PubMed: 
27371719] 

7. Sweeting MJ, Thompson SG, Brown LC, Greenhalgh RM, Powell JT. Use of angiotensin converting 
enzyme inhibitors is associated with increased growth rate of abdominal aortic aneurysms. J Vasc 
Surg 2010; 52: 1–4. [PubMed: 20494541] 

8. Rateri DL, Davis FM, Balakrishnan A, Howatt DA, Moorleghen JJ, O’Connor WN, et al. 
Angiotensin II induces region-specific medial disruption during evolution of ascending aortic 
aneurysms. Am J Pathol 2014; 184: 2586–2595. [PubMed: 25038458] 

9. Daugherty A, Manning MW, Cassis LA. Angiotensin II promotes atherosclerotic lesions and 
aneurysms in apolipoprotein E-deficient mice. J Clin Invest 2000; 105: 1605–1612. [PubMed: 
10841519] 

10. Chen X, Lu H, Zhao M, Tashiro K, Cassis LA, Daugherty A. Contributions of leukocyte 
angiotensin-converting enzyme to development of atherosclerosis. Arterioscler Thromb Vasc Biol 
2013; 33: 2075–2080. [PubMed: 23846498] 

11. Lu H, Balakrishnan A, Howatt DA, Wu C, Charnigo R, Liau G, et al. Comparative effects of 
different modes of renin angiotensin system inhibition on hypercholesterolaemia-induced 
atherosclerosis. Br J Pharmacol 2012; 165: 2000–2008. [PubMed: 22014125] 

12. Majesky MW. Developmental basis of vascular smooth muscle diversity. Arterioscler Thromb Vasc 
Biol 2007; 27: 1248–1258. [PubMed: 17379839] 

13. Sawada H, Rateri DL, Moorleghen JJ, Majesky MW, Daugherty A. Smooth muscle cells derived 
from second heart field and cardiac neural crest reside in spatially distinct domains in the media of 
the ascending aorta: Brief report. Arterioscler Thromb Vasc Biol 2017; 37: 1722–1726. [PubMed: 
28663257] 

14. Cassis LA, Rateri DL, Lu H, Daugherty A. Bone marrow transplantation reveals that recipient 
AT1a receptors are required to initiate angiotensin II-induced atherosclerosis and aneurysms. 
Arterioscler Thromb Vasc Biol 2007; 27: 380–386. [PubMed: 17158350] 

15. Rateri DL, Moorleghen JJ, Balakrishnan A, Owens AP 3rd, Howatt DA, Subramanian V, et al. 
Endothelial cell-specific deficiency of Ang II type 1a receptors attenuates Ang II-induced 
ascending aortic aneurysms in LDL receptor−/− mice. Circ Res 2011; 108: 574–581. [PubMed: 
21252156] 

16. Rateri DL, Moorleghen JJ, Knight V, Balakrishnan A, Howatt DA, Cassis LA, et al. Depletion of 
endothelial or smooth muscle cell-specific angiotensin II type 1a receptors does not influence 
aortic aneurysms or atherosclerosis in LDL receptor deficient mice. PLoS One 2012; 7: e51483. 
[PubMed: 23236507] 

17. Chen X, Howatt DA, Balakrishnan A, Moorleghen JJ, Wu C, Cassis LA, et al. Angiotensin-
converting enzyme in smooth muscle cells promotes atherosclerosis: Brief report. Arterioscler 
Thromb Vasc Biol 2016; 36: 1085–1089. [PubMed: 27055902] 

18. Ejiri J, Inoue N, Tsukube T, Munezane T, Hino Y, Kobayashi S, et al. Oxidative stress in the 
pathogenesis of thoracic aortic aneurysm: Protective role of statin and angiotensin II type 1 
receptor blocker. Cardiovasc Res 2003; 59: 988–996. [PubMed: 14553839] 

19. Wang J, Sukhova GK, Liu J, Ozaki K, Lesner A, Libby P, et al. Cathepsin G deficiency reduces 
periaortic calcium chloride injury-induced abdominal aortic aneurysms in mice. J Vasc Surg 2015; 
62: 1615–1624. [PubMed: 25037606] 

20. Inoue N, Muramatsu M, Jin D, Takai S, Hayashi T, Katayama H, et al. Effects of chymase inhibitor 
on angiotensin II-induced abdominal aortic aneurysm development in apolipoprotein E-deficient 
mice. Atherosclerosis 2009; 204: 359–364. [PubMed: 18996524] 

Sawada et al. Page 6

Circ J. Author manuscript; available in PMC 2020 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Angiotensin (Ang)I-induced ascending and abdominal aortic dilatations that were ablated by 

angiotensin-converting enzyme (ACE) inhibition. (A,C) Representative gross appearance of 

thoracic (A) and abdominal (C) aortas. (B) Dilation of ascending aortas, determined by 

measuring the intima area. (D) Abdominal aortic dilation (Abd AoD), determined by 

measuring the maximal external diameters of the suprarenal aorta ex vivo. Boxes show the 

interquartile range, with the median value indicated by the horizontal line; whiskers show 

the range (n=7–11 per group). *P<0.05 (Kruskal-Wallis test followed by Dunn’s post hoc 

analysis). ACEI, ACE inhibitor (enalapril).

Sawada et al. Page 7

Circ J. Author manuscript; available in PMC 2020 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Equivalent effects of angiotensin (Ang)I and AngII on the development of aortic aneurysms. 

(A) Intima area of the thoracic aorta and (B) external diameter of the abdominal aorta (Abd 

AoD) in AngI- and AngII-infused mice. Symbols show individual data points. The 

horizontal lines indicate mean values and whiskers indicate standard error of the mean (n=9–

10 per group). There were no significant differences between groups (P>0.05, Student’s t-

test).
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Figure 3. 
Differential effects of angiotensin-converting enzyme (ACE) in aortic resident cells on 

angiotensin (Ang)I-induced formation of thoracic and abdominal aortic aneurysms (TAAs 

and AAAs, respectively). (A) Intima area of the thoracic aorta and (B) external diameter of 

the abdominal aorta (Abd AoD) in mice with deletion of ACE in endothelial cells. (C) 

Thoracic intima area and (D) maximal abdominal diameter (Abd AoD) in smooth muscle 

cell-specific ACE deficient mice. Symbols show individual data points. The horizontal lines 

indicate mean values and whiskers indicate standard error of the mean (n=24–25 per group). 

*P<0.05 (Welch’s or Student’s t-test).
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Figure 4. 
Aortic angiotensin-converting enzyme (ACE) localization was not altered by angiotensin 

(Ang)I infusion. Representative images of ACE immunostaining in mouse aortas retrieved 

after 5 days of saline or AngI infusion. Aortic tissues were harvested from 4 regions: 

ascending (Asc) and descending (Desc) thoracic aortas and supra- and infrarenal aortas 

(n=3/group). Scale bar, 100 μm.
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