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Abstract

Objective—The role of TGF-β signaling in abdominal aortic aneurysm (AAA) formation is 

controversial. Others reported that systemic blockade of TGF-β by neutralizing antibodies 

accelerated AAA development in angiotensin II-infused mice. This result is consistent with other 

studies suggesting that TGF-β signaling prevents AAA. Development of a therapy for AAA that 

exploits the protective actions of TGF-β would be facilitated by identification of the mechanisms 

through which TGF-β prevents AAA. We hypothesized that TGF-β signaling prevents AAA by its 

actions on aortic medial smooth muscle cells.

Approach and Results—We compared the prevalence, severity, and histopathology of 

angiotensin II-induced AAA among control mice (no TGF-β blockade), mice with antibody-

mediated systemic neutralization of TGF-β, and mice with genetically based smooth muscle-

specific loss of TGF-β signaling. Surprisingly, we found that systemic—but not smooth muscle-

specific—TGF-β blockade significantly increased the prevalence of AAA, and tended to increase 

AAA severity, adventitial thickening and aortic wall macrophage accumulation. In contrast, 

abdominal aortas of mice with smooth muscle-specific loss of TGF-β signaling differed from 

controls only in having a thinner media. We examined thoracic aortas of the same mice. Here we 

found that smooth muscle-specific loss of Tgfbr2—but not systemic TGF-β neutralization—

significantly accelerated development of aortic pathology, including increased prevalence of 

intramural hematomas, medial thinning, and adventitial thickening.

Conclusion—Our results suggest that TGF-β signaling prevents both abdominal and thoracic 

aneurysmal disease but does so by distinct mechanisms. Smooth muscle-extrinsic signaling 

protects the abdominal aorta and smooth muscle-intrinsic signaling protects the thoracic aorta.
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The prevalence of abdominal aortic aneurysms (AAA) in adults older than 50 is estimated at 

5%–7% in men and 1.3% in women.1 Patients with AAA are usually asymptomatic and 

often present with sudden death. When an asymptomatic AAA is detected, the patient is 

typically monitored until aortic diameter reaches 5.5 cm, at which point percutaneous or 

open surgery to replace the dilated segment is recommended.2, 3 Both procedures are 

expensive, often complicated, and are sometimes unfeasible. Medical therapies that would 

slow or reverse AAA progression are highly desirable; however, no such therapies are 

currently available. A better understanding of the molecular mechanisms of AAA 

pathogenesis would facilitate the development of medical therapies.

The role of transforming growth factor-beta (TGF-β) in AAA pathogenesis is controversial, 

with data supporting both pathogenic and protective roles.4, 5 A pathogenic role for TGF-β 
is supported by detection of elevated TGF-β1 in human and experimental animal AAA 

tissue.6–9 However, these associations do not reveal causality and increased TGF-β1 

expression in AAA tissue could be a homeostatic response that limits aortic damage. A 

protective role for TGF-β expression in AAA tissue is supported by data showing that 

overexpression of TGF-β1 in the aortic wall limits AAA expansion in rats.10, 11 Moreover, 

systemic neutralization of TGF-β significantly exacerbates AAA prevalence and severity in 

Ang II-infused mice.11, 12 In addition, we recently reported that loss of physiologic TGF-β 
signaling in aortic smooth muscle cells (SMC) of young mice caused significant abdominal 

aortic dilation and inflammation.13 Taken together, the preponderance of experimental data 

support a protective role for TGF-β in AAA development and suggest that this protective 

role might be exploited for the development of human therapies.

Development of a therapy based on the protective actions of TGF-β on AAA growth would 

be facilitated by identification of the mechanisms through which TGF-β prevents AAA. In 

the first study cited above,10 TGF-β1 overexpression decreased accumulation of monocyte/

macrophages and T cells, suppressed aortic wall metalloproteinase activity, and increased 

intimal accumulation of SMC, collagen, and elastin. In the second study,11 systemic TGF-β 
neutralization stimulated accumulation of circulating monocytes in the aortic wall and 

promoted medial SMC apoptosis. Therefore, both studies suggest that TGF-β signaling may 

act both on circulating inflammatory cells to suppress their activation and on aortic SMC to 

preserve their health. In contrast, our study suggests that disruption of TGF-β signaling that 

is confined to SMC is sufficient to cause medial cell loss, aortic dilation, and inflammatory 

cell infiltration in the aortic wall.13

We hypothesized that TGF-β signaling in aortic SMC—not immune cells—is a primary 

protector of abdominal aortic health. According to this hypothesis, destructive inflammatory 

responses generated by systemic neutralization of TGF-β in the Ang-II AAA model11 are all 

caused by stimulation of the immune system by SMC that are injured by withdrawal of 

TGF-β signaling. We used the Ang II-induced AAA model14 and mice with conditional 
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alleles for the type II TGF-β receptor (TBRII)13, 15 to test whether SMC-specific loss of 

TGF-β signaling accelerates AAA formation equivalently to systemic neutralization of TGF-

β activity. Because Ang-II infusion also causes thoracic aortic dilation,16, 17 we also 

examined thoracic aortas of the experimental mice. The pathogenesis of thoracic and aortic 

aneurysms appears to differ,18 and some propose that TGF-β signaling in the thoracic aorta 

is pathogenic, not protective.19 We reasoned that close examination of the abdominal and 

thoracic aortas of the same mice—not done in previous studies in this model11, 12, 20—might 

reveal site-specific roles for TGF-β signaling.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement

Results

Neutralization of Systemic TGF-β Activity and Knockdown of TBRII in Aortic SMC

To test whether the TGF-β neutralizing antibody 2G7 blocked TGF-β1 activity in vivo, we 

measured active and total TGF-β1 activity in serum of mice injected intraperitoneally with 

10, 15, or 20 mg/kg of 2G7 or with vehicle (n=4 per group comprised of 2 male and 2 

female mice). Active TGF-β1 was nearly undetectable in serum of vehicle-treated mice and 

was undetectable in serum of mice treated with all of the 2G7 doses (data not shown). TGF-

β1 activity in acid-activated serum (i.e., the total activity of both active and latent serum 

TGF-β1) was reduced by 2G7 in a dose-dependent manner (Figure I in the online-only Data 

Supplement). The reduction in TGF-β1 activity from the 10 mg/kg dose was similar in 

males and females (data not shown). Because the 10 mg/kg dose significantly lowered serum 

TGF-β1 and because previous work showed high mortality in Ang II-infused mice injected 

with higher doses of 2G7,11 we used the 10 mg/kg dose for the remainder of the in vivo 

studies. We measured TBRII protein in extracts of aortic media of tamoxifen-injected Acta2-
CreERT2 0/0 (control) and Acta2-CreERT2 +/0 mice. TBRII was significantly reduced in 

Acta2-CreERT2 +/0 mice (42%; P=0.02; Figure II in the online-only Data Supplement).

Ang II-induced Abdominal Aortic Pathology is Exacerbated by Systemic TGF-β Blockade, 
Not by SMC-Specific Loss of TGF-β Signaling

We compared the development of abdominal aortic aneurysms in 3 groups of Ang II-infused 

Tgfbr2flox/flox mice, all of which also received tamoxifen injections (Figure 1): 1) Acta2-
CreERT2 0/0 mice injected with mouse IgG (the control group); 2) Acta2-CreERT2 0/0 mice 

injected with the 2G7 antibody (systemic TGF-β blockade); and 3) Acta2-CreERT2 +/0 mice 

injected with mouse IgG (SMC-specific loss of TGF-β signaling). The 3 groups included 

nearly equal numbers of male and female mice (Figure 1B). Of 75 mice enrolled (25 per 

group), 71 survived to completion of the study. One mouse treated with the 2G7 antibody 

died from apparent abdominal aortic rupture. This mouse was considered to have had 

abdominal aortic pathology of the highest severity (grade 4; see below) but was not included 

in other analyses. Two other 2G7-treated mice died prematurely, as did one mouse in the 

control group. The cause of these 3 deaths was uncertain and aortas of these mice were not 
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analyzed. There were no statistically significant differences in survival among the 3 groups 

(Figure 2A).

We assessed gross abdominal aortic pathology in the remaining 71 mice. Compared to 

controls, mean maximal aortic external diameter (from one side of the adventitia to the 

opposite side) was significantly increased in mice treated with 2G7 (43%; P=0.02; Figure 

2B). In contrast, SMC-specific deletion of TBRII had no significant effect on maximal 

external abdominal aortic diameter (P=1.0 versus controls). Similarly, 2G7 injection—but 

not SMC-specific loss of TBRII—significantly increased the prevalence of abdominal aortic 

pathology (with pathology defined as presence of aortic dilation, blood in the aortic wall, or 

both). Pathology was present in abdominal aortas of 17 of 22 surviving mice injected with 

the 2G7 antibody (18 of 23 including the mouse with aortic rupture; 78%) compared to 10 of 

24 surviving control mice (42%; P=0.01 versus 2G7 recipients; Figure 2C) and 9 of 25 mice 

with SMC-specific loss of TBRII (36%; P=0.7 versus controls). The prevalence of 

abdominal aortopathy for all three groups was nearly identical between males and females. 

Independent assessment of the severity of abdominal aortic pathology (the 0 – 4 severity 

scale is illustrated in Figure 2E) revealed a borderline significant increase in severity in mice 

treated with 2G7. The majority of control mice (62%) had grade 0 pathology, with the 

remainder divided among grades 1 – 4 (Figure 2D). The distribution of severity grades was 

similar in mice with SMC-specific loss of TBRII (P=0.8 versus controls). In contrast, far 

fewer mice treated with 2G7 had grade 0 pathology (26%); 43% had either grade 3 or 4 

pathology (P=0.07 versus controls).

Ang II-induced Thoracic Aortic Pathology is Exacerbated by SMC-Specific Loss of TGF-β 
Signaling, Not by Systemic TGF-β Blockade

Ang II treatment also causes aneurysmal disease of the thoracic aorta.16, 17 To test whether 

systemic TGF-β signaling blockade or SMC-specific loss of TGF-β signaling exacerbate 

thoracic aortic pathology in Ang II-infused mice, we measured ascending aortic diameter 

(from one side of the adventitia to the opposite side, with all measurements made just 

proximal to the brachiocephalic artery takeoff) in the same mice in which we analyzed 

abdominal aortas. None of the ascending aortas appeared dilated, and there were no 

significant differences among the 3 groups in external aortic diameter (P=0.3; Figure 3A). 

However, SMC-specific loss of TGF-β signaling significantly increased the prevalence of 

aortic wall hematomas and also tended to increase the severity of hematomas. Bleeding was 

present in the thoracic aortic wall of 20 of 24 mice with SMC-specific loss of TGF-β 
signaling (83%; results in one mouse in this group were inconclusive and it was omitted) 

compared to 13 of 24 surviving control mice (54%; P=0.03; Figure 3B) and 9 of the 22 

surviving mice with systemic TGF-β signaling blockade (41%; P=0.5 versus controls). The 

prevalence of thoracic aortopathy was nearly identical between males and females in 

controls and mice with systemic TGF-β signaling blockade, but slightly higher in females 

than males with SMC-specific TGF-β signaling blockade. We independently assessed the 

severity of aortic intramural bleeding (the 0 – 2 severity scale is illustrated in Figure 3D). 

Bleeding was grade 0 in ~45% of aortas of control mice with ~25% of mice with grade 1 

and ~30% with grade 2 bleeding (Figure 3C). Mice with systemic TGF-β signaling blockade 

had a similar distribution of bleeding severity (P=0.7 versus controls). Far fewer mice with 
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SMC-specific TGF-β blockade had grade 0 bleeding (< 20%); 80% had either grade 1 or 

grade 2 bleeding; however, this difference was not statistically significant; P=0.1 versus 

controls).

Systemic Blockade of TGF-β Signaling and SMC-Specific Loss of TGF-β Signaling Have 
Tissue-Specific Effects on Abdominal Aortic Adventitia and Media

The different effects of the 2 interventions on the abdominal and thoracic aorta were 

surprising. Moreover, the results in the abdominal aorta did not support our hypothesis that 

worsened abdominal aortic pathology in Ang II-infused mice with systemic TGF-β blockade 

is caused by loss of salutary effects of TGF-β on aortic medial SMC. To determine whether 

SMC-specific loss of TGF-β signaling caused any abdominal aortic medial pathology in 

Ang II-infused mice and to gain further insights into why systemic TGF-β signaling 

blockade—but not SMC-specific loss of TGF-β signaling—accelerates gross abdominal 

aortic pathology, we performed histologic analyses of a subset of abdominal aortas (12 per 

group; chosen randomly and without regard to presence or absence of gross pathology). 

Because the most severe pathology was in the area adjacent to and cranial to the renal 

arteries, we analyzed suprarenal/juxtarenal aortas and infrarenal aortas separately (Figure III 

in the online-only Data Supplement).

Despite significantly increased external abdominal aortic diameters in mice with systemic 

TGF-β signaling blockade (Figure 2B), the mean internal (i.e., luminal) suprarenal/

juxtarenal aortic diameters of mice in this group were not increased (P=1.0 for comparison 

among the 3 groups; Figure 4A and Figure IV in the online-only Data Supplement). Rather, 

increased external aortic diameters in mice with systemic TGF-β signaling blockade 

appeared due entirely to adventitial expansion and not to luminal expansion or accumulation 

of blood within dissected aortic media (Figure 4B and Figure IV J–L in the online-only Data 

Supplement). However, adventitial expansion did appear at least partially due to medial 

rupture with extravasated blood contained within the adventitia and thrombosed in situ 

(Figure IVJ and IVK in the online-only Data Supplement). The average suprarenal/

juxtarenal adventitial thickness was 70±24 μm in control mice, and was increased 2.5-fold to 

170±48 μm in mice with systemic TGF-β signaling blockade (the increase had only 

borderline statistical significance; P=0.07 by ANOVA of the 3 groups). Suprarenal/

juxtarenal adventitial thickness in mice with SMC-specific TGF-β blockade was similar to 

controls (87±12 μm). In contrast to the adventitia, mean medial thickness in the suprarenal/

juxtarenal aorta of mice with systemic TGF-β signaling blockade did not differ significantly 

from control mice (36±3 μm versus 37±2 μm, respectively; P=0.9; Figure 4C). However, 

mice with SMC-specific loss of TGF-β signaling had significant medial thinning in the 

suprarenal/juxtarenal aorta (25±1 μm; P=0.002 versus control mice; Figure 4C).

The thickened abdominal aortic adventitia of mice with systemic TGF-β signaling blockade 

included occasional thrombi and apparent inflammatory cells. To identify these cells, we 

stained sections for the Mac-2 marker. The level of Mac-2 staining was highly variable, both 

among animals in the same group and among aortic sections in the same animal. 

Qualitatively, most sections had at least some Mac-2 staining, with the highest levels of 

staining in sections with adventitial expansion (Figure VD in the online-only Data 
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Supplement). Among the 3 groups, sections of aortas of mice with systemic TGF-β 
signaling blockade had the highest levels of Mac-2 staining, with Mac-2 positivity 

concentrated in a 4-mm region surrounding the takeoff of the superior mesenteric artery 

(Figure 5A–5D). In contrast, aortic sections of mice with SMC-specific loss of TGF-β 
signaling had less Mac-2 staining, and control mice had only low levels of Mac-2 staining. 

Differences among the 3 groups in this 4-mm region were large (2.5–4-fold, although they 

were of only borderline statistical significance; P=0.07; Figure 5C). Others reported that 

Ang II treatment alone causes inflammation and expansion of the suprarenal aorta.21 

However, in the present study, systemic TGF-β blockade increased both adventitial thickness 

(Figure 4B) and macrophage accumulation far above levels in the Ang II-infused controls.

Analyses of sections of infrarenal aortas showed no significant differences among the groups 

in lumen diameter, adventitial thickness or medial thickness, although there were modest 

trends towards thicker adventitias and thinner medias in mice with SMC-specific loss of 

TGF-β signaling (Figure 4D–4F). Little Mac-2 staining was present in any of the infrarenal 

aortic sections (Figure 5A and 5D). These data suggest that the primary consequence of 

systemic blockade of TGF-β signaling on abdominal aortas of Ang II-infused mice is the 

initiation of severe focal adventitial inflammation; systemic TGF-β blockade has relatively 

little effect on medial SMC. In contrast, SMC-specific loss of TGF-β signaling in Ang II-

infused mice primarily damages medial SMC and does not elicit a severe inflammatory 

reaction.

SMC-Specific Loss of TGF-β Signaling, but Not Systemic TGF-β Blockade, Alters Thoracic 
Aortic Structure

To determine whether systemic blockade of TGF-β signaling caused any thoracic aortic 

pathology in Ang II-infused mice and to gain further insights into why SMC-specific loss of 

TGF-β signaling—but not systemic TGF-β signaling blockade—accelerates thoracic aortic 

pathology, we performed histologic analyses of thoracic aortas of the same mice used for 

abdominal aortic analyses (12 per group). We examined sections from the ascending aorta, 

aortic arch, and proximal descending aorta (Figure III in the online-only Data Supplement). 

Neither SMC-specific loss of TGF-β signaling nor systemic TGF-β signaling blockade 

altered thoracic aortic lumen diameter (Figure 6A–6C). SMC-specific loss of TGF-β 
signaling caused significant medial thinning in all 3 regions of the thoracic aorta (16%–33% 

thinner media than controls; P=0.04 and P=0.003 for the ascending and proximal descending 

aorta, respectively; Figure 6D–6F). Aortas from mice with SMC-specific loss of TGF-β 
signaling also had significant thickening of the thoracic aortic adventitia (2–3-fold in all 3 

regions; P≤0.04; Figure 6G–6I) with increased cellularity. Thoracic aortic sections had only 

low levels of Mac-2 expression, with no differences among the 3 groups in any of the aortic 

regions (Figure VI in the online-only Data Supplement). These data are similar to those 

obtained by gross examination of experimental aortas in showing significant effects of SMC-

specific loss of TGF-β signaling—but not systemic TGF-β blockade—on the thoracic aorta.

Systemic Neutralization of TGF-β1, -β2 and -β3 Activity in Ang II-Infused Mice

As our study neared completion, a concern was raised about whether the 2G7 antibody 

blocked serum TGF-β2 and TGF-β3 (in addition to TGF-β1). The ability of 2G7 to 
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neutralize TGF-β isoforms in vivo in the setting of Ang II infusion was also questioned. To 

address both of these concerns, we implanted Ang II pumps in 2 groups of mice (9–10 per 

group), treated one group with 2G7 (10 mg/kg) and the other with the same dose of mouse 

IgG. After 1 week, 2G7 significantly reduced serum total (i.e., acid-activatable) TGF-β1 

(60% decrease; Figure XA in the online-only Data Supplement; P=0.002). TGF-β3 activity 

was undetectable in serum of either group. Surprisingly, 2G7 did not reduce serum total 

TGF-β2 activity (Figure XB in the online-only Data Supplement; P=0.9). We then tested 

whether 2G7 or another putative “pan-neutralizing anti-TGF-β antibody” 1D11 (also widely 

used in aortopathy research)12, 22–24 could neutralize all 3 TGF-β isoforms in vitro. Both 

2G7 and 1D11 neutralized TGF-β1 and TGF-β3; whereas, neither antibody had any activity 

against TGF-β2 (Figure XD – XF in the online-only Data Supplement).

Systolic Blood Pressure Measurements in Control and Experimental Mice

Because alterations in TGF-β signaling can affect arterial blood pressure,25 we measured 

blood pressure in separate cohorts of control and experimental mice (9–12 per group). Two 

weeks after beginning Ang II infusion, control mice had significantly lower systolic blood 

pressure (101±8 mmHg) than mice with systemic TGF-β signaling blockade (129±6 mmHg; 

P=0.04) and a statistically insignificant decrease in systolic blood pressure compared to mice 

with SMC-specific loss of TGF-β signaling (121±8 mmHg; P=0.1; Supplemental Fig. XIA 

in the online-only Data Supplement). However, after 4 weeks of Ang II infusion systolic 

blood pressure did not differ significantly among the 3 groups (P=0.3; Supplemental Fig. 

XIB in the online-onlyData Supplement). Systolic blood pressure in mice with SMC-specific 

loss of TGF-β signaling did not differ significantly from controls at either time point and 

was similar to blood pressure in mice with systemic TGF-β signaling blockade.

Discussion

We tested the hypothesis that TGF-β signaling in aortic SMC is a primary protector of aortic 

health and that abdominal aortic expansion, tissue destruction, and inflammation in Ang II-

infused mice with systemic antibody-mediated TGF-β neutralization11 are all consequences 

of loss of salutary physiologic TGF-β signaling in aortic medial SMC. Our results do not 

support this hypothesis. Instead we found that: 1) systemic—but not SMC-specific—

blockade of TGF-β signaling significantly increased the prevalence of AAA and tended to 

increase AAA severity; 2) systemic—but not SMC-specific—blockade of TGF-β signaling 

tended to increase abdominal aortic adventitial expansion and macrophage accumulation; 3) 

SMC-specific blockade of TGF-β signaling caused significant thinning of the abdominal 

aortic media but had negligible effects on inflammation and expansion of the abdominal 

aortic adventitia. Therefore, systemic blockade of TGF-β signaling acts on cells other than 

SMC to accelerate AAA in Ang II-infused mice and the protective effects of TGF-β on 

AAA in this model are not mediated primarily by its actions on SMC. Our study supports a 

protective effect of TGF-β in the abdominal aorta and breaks new ground in helping to 

identify the cell type in which TGF-β acts to prevent AAA.

Another important and novel aspect of our study is that—in addition to tracking the 

prevalence of abdominal and thoracic aortic rupture—we also examined abdominal and 
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thoracic aortic dimensions and histopathology in the same experimental mice. This design 

provides ideal internal controls (thoracic aorta for abdominal aorta and vice versa) that allow 

confident conclusions about site-specific actions of TGF-β. In thoracic aortas we found: 1) 

SMC-specific—but not systemic—blockade of TGF-β signaling significantly increased the 

prevalence of aortic hematomas and tended to increase their severity; 2) SMC-specific—but 

not systemic—blockade of TGF-β signaling caused significant medial thinning and 

adventitial thickening; and 3) systemic blockade of TGF-β signaling had negligible effects 

on the thoracic aorta. Therefore, in Ang II-infused mice, thoracic aortic pathology is 

accelerated by SMC-specific—but not systemic—blockade of TGF-β signaling. When 

combined with results in the abdominal aorta, our results show region- and tissue-specific 

roles for TGF-β in preventing aortic pathology.

Our finding that TGF-β signaling protects against AAA development is consistent with 

several reports published both before and after initiation of the present study. These include 

3 studies showing that infusion of neutralizing antibodies to TGF-β accelerates AAA 

formation in Ang II-infused mice,11, 12, 20 as well as a report that whole-body knockout of 

Smad3 (a mediator of TGF-β signaling) increases AAA severity in a model of calcium 

chloride-induced AAA.26 In contrast, one study showed that injection of neutralizing 

antibodies to TGF-β diminished Ang II-induced AAA.6 This latter study suggests that TGF-

β signaling contributes to Ang II-induced AAA formation; however, the salutary effect of 

antibody injection was found only in mice deficient in Cxcl10 (not in wild-type mice) and 

therefore may not reveal the normal physiologic role of TGF-β. Moreover, this study used a 

low dose of a polyclonal rabbit anti-TGF-β antibody that was recently shown to be of 

limited efficacy when given at a far higher dose.12 In addition, neutralization of serum TGF-

β by the polyclonal antibody was not documented in this study.6

Physiologic TGF-β signaling appears to protect against AAA; however, neither antibody-

mediated systemic TGF-β neutralization nor whole-body deletion of a gene (e.g., Smad3) 

can identify the site at which protective TGF-β signaling occurs. Because the earliest events 

in Ang II-induced AAA formation include macrophage accumulation in the suprarenal aortic 

media and aortic medial dissection,27, 28 because systemic TGF-β neutralization in Ang-II-

infused mice is accompanied by early medial SMC apoptosis,11 and because ablation of 

TGF-β signaling in SMC causes severe medial pathology and macrophage infiltration,13, 29 

we hypothesized that ablation of TGF-β signaling that was confined to SMC would 

accelerate Ang II-induced AAA formation. According to this model, medial SMC deprived 

of trophic TGF-β signaling would attract monocyte/macrophages by release of 

chemoattractant apoptotic bodies30 or by release of extracellular matrix fragments31, 32 

generated by SMC proteolytic activity.33 Subsequent macrophage-mediated proteolytic 

tissue destruction, potentially mediated by MMP-1211 would accelerate AAA formation. 

Surprisingly, AAA prevalence/severity and aortic wall macrophage accumulation were 

unaffected by SMC loss of TGF-β signaling in Ang II-infused mice. The only discernable 

effect of ablation of SMC TGF-β signaling on Ang II-mediated AAA formation was 

moderate medial thinning. We conclude that physiologic TGF-β signaling protects against 

AAA primarily via actions on cell types other than SMC.
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If TGF-β does not prevent AAA via actions on SMC, via which cell type(s) are the 

protective effects of TGF-β mediated? Monocyte/macrophages are among the cell types on 

which TGF-β appears to act to mitigate Ang II-induced AAA formation;11 however, 

elimination of monocyte/macrophages does not completely block the pathogenic effects of 

TGF-β neutralization in this model.11 Moreover, enhanced monocyte/macrophage 

accumulation in aortas of mice treated with TGF-β neutralizing antibody is exquisitely 

localized to a 4-mm segment of suprarenal adventitia (Figure 5A). These observations 

suggest that TGF-β protects against Ang-II-induced AAA via actions on a cell type present 

in a focal area of the adventitia.27 Candidate cell types on which TGF-β may exert protective 

actions include fibroblasts,21, 34 adipocytes,35, 36 as well as resident immune cells and 

progenitor cells.37 Future work will be aimed at identifying this cell type. In addition to the 

target cell type, the source of protective TGF-β ligand is also unknown. Our study does not 

reveal whether the ligand is produced locally (i.e. by cells in the abdominal aortic wall), 

whether it is produced outside the aorta (for example in the bone marrow) and acts on the 

abdominal aortic wall, or whether it is produced outside the aorta and acts on extravascular 

cells (e.g., immune cells) before their arrival to the abdominal aorta. Resolving this question 

will be challenging because of potential involvement of multiple TGF-β ligands and 

numerous candidate cell types.

Ang II infusion in mice also causes ascending thoracic aortic aneurysms,16, 17, 38 and 

systemic neutralization of TGF-β appears to worsen this pathology. For example, Wang et al 

reported that systemic neutralization of TGF-β in Ang II-infused mice caused ascending 

aortic rupture in 15% of mice.11 Chen et al recently confirmed a moderate (25%) prevalence 

of ascending aortic rupture in Ang-II-infused mice treated with neutralizing antibodies to 

TGF-β.12 However, the effects of TGF-β neutralization on thoracic aortic structure and 

inflammation are not well studied. Ascending aortic dimensions in surviving mice were not 

reported in the study by Wang et al,11 and TGF-β neutralization inconsistently increased 

thoracic aortic dimensions in the study by Chen et al.12 Neither study presented data 

obtained by histologic analysis of thoracic aortic sections. Here we report that treatment of 

mice with neutralizing antibodies to TGF-β did not cause thoracic aortic rupture and had no 

significant effects on gross aortic dimensions, microscopic aortic dimensions, or 

macrophage accumulation. Absence of thoracic aortic rupture in our study could be due to 

our use of a lower antibody dose than was used by Wang et al,11 or our use of a different 

antibody than was used by Chen et al.12 However, the antibody dose used in the present 

study clearly exacerbated Ang-II-induced AAA while having no detectable effects on 

thoracic aortas of the same mice. These data suggest that SMC-extrinsic TGF-β signaling is 

a more important protector of Ang II-mediated pathology in the abdominal aorta than in the 

thoracic aorta. Two other potential causes for disparate results between our study and those 

of Wang and Chen are genetic drift among C57BL/6 colonies and variability in intestinal 

microbiota among institutions. Experimental evidence for a potential role of the microbiome 

has been reported in settings of allograft rejection and vascular disease, with 

immunomodulation as the pathway that hypothetically connects the microbiome with 

biological responses at other locations.39–41 Because Ang II-induced AAA depends to a 

large extent on infiltrating monocytes,11 microbiome-mediated effects on immunity could, at 

least in part, account for the differences among the studies.
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In contrast to our finding that systemic TGF-β neutralization did not alter thoracic aortic 

pathology, we found that TGF-β signaling blockade confined to SMC had significant 

pathogenic effects on the thoracic aorta including increased intramural hematomas, medial 

thinning, and adventitial thickening. These data suggest that TGF-β signaling in SMC is a 

primary protector of Ang II-mediated pathology in the thoracic aorta, but not in the 

abdominal aorta. Our results are consistent with others’ work showing fundamental 

differences between Ang II-induced pathology in thoracic versus abdominal aortas, 

including variations in patterns of elastolysis, response to hyperlipidemia, pattern of luminal 

expansion, and role of endothelial AT1a receptors.17, 38, 42, 43 Our results are also consistent 

with data showing variability in the effects of TGF-β on SMC from different segments of the 

aorta.44, 45 Both Ang II-mediated disease and the mechanisms of TGF-β protection appear to 

differ between the thoracic and abdominal aorta.

The results of the present study, including our finding that loss of SMC TGF-β signaling has 

only minimal effects on Ang II-induced abdominal aortic pathology, may appear to conflict 

with our previous report that SMC-specific Tgfbr2 deletion in otherwise normal mice causes 

severe thoracic and abdominal aortopathy.13 However, the two studies are fundamentally 

different. In the present study all mice, including those in the control group, were treated 

with Ang II; whereas, in the former study none of the mice received Ang II. Ang II causes 

both thoracic and abdominal aortopathy;14, 16 therefore, the present study investigates the 

role of SMC-specific loss of Tgfbr2 on Ang II-induced aortopathy, not on normal aortic 

homeostasis. A potential explanation for different consequences of loss of SMC TGF-β 
signaling in the presence or absence of Ang II is that loss of TGF-β signaling impairs 

activation of several downstream protein kinases;5, 13, 29 whereas, Ang II is a potent 

activator of many of the same SMC protein kinases.46 Accordingly, stimulation of SMC 

protein kinase signaling by Ang II could mitigate abdominal aortopathy that would normally 

result from loss of SMC TGF-β signaling. Because Ang II has more potent effects in the 

abdominal aorta than in the thoracic aorta,14 site-specific effects of Ang II could explain 

why Ang II mitigates abdominal aortopathy more than thoracic aortopathy in mice with 

SMC Tgfbr2 deletion. These hypotheses require prospective testing.

We considered whether our finding that the 2G7 antibody does not neutralize TGF-β2 

should alter interpretation of our results. The only manner in which to address this 

definitively would be to repeat our experiments with a different murine antibody that is 

reliably shown to block activity of all TGF-β isoforms. Lacking such a reagent, we can only 

speculate. For 2 reasons, we believe that our primary conclusion—that TGF-β protects the 

thoracic and abdominal aorta by different mechanisms—remains valid. First, regardless of 

whether 2G7 blocks TGF-β2, it does block TGF-β1 and TGF-β3 and in so doing worsens 

pathology in the abdominal aorta but not the thoracic aorta. Second, SMC-specific loss of 

TGF-β signaling reveals a far greater protective role for TGF-β signaling in the thoracic than 

in the abdominal aorta, and this result is independent of 2G7 activity. Nevertheless, our 

finding that neither 2G7 nor 1D11 had any TGF-β2-inhibitory activity is surprising and must 

be considered in the design and interpretation of experiments in which these reagents are 

used.
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Our study has other limitations. First, it is possible that higher doses of the 2G7 antibody 

would have yielded different results. This concern merits particular attention in relation to 

the thoracic aorta, in which antibody injections did not alter aortic pathology (despite 

accelerated abdominal aortic pathology in the same mice). A more potent neutralizing 

antibody regimen might more effectively ablate TGF-β signaling within the thoracic aortic 

media and consequently reproduce the effects (reported herein) of SMC Tgfbr2 deletion on 

thoracic aortic pathology. Second, it is possible that Tgfbr2 deletion in SMC has secondary 

cell-autonomous compensatory effects13 that —rather than loss of TGF-β signaling per se—

are responsible for the increased thoracic aortic pathology. The associated difficulty in 

discriminating primary from secondary effects in identifying the precise drivers of 

phenotypic changes in knockout cells and mice is an inherent limitation of knockout 

approaches. A similar concern applies to systemic inhibition of TGF-β ligands: vascular 

cells might compensate for decreased ligand availability, for example, by upregulating 

receptor expression, with uncertain downstream effects. These possibilities should be 

explored in future studies.

A third limitation of our study is that our western blot data raise the possibility of 

incomplete deletion of Tgfbr2 in aortic SMC. The 42% reduction in western blot signal for 

TBRII differs from the near-complete ablation of the receptor that we documented (in 2 

independent studies) by western blotting of aortic media of the same line of tamoxifen-

treated bi-transgenic mice.13, 47 In one of these studies we also documented that aortic SMC 

of these mice have impaired canonical and non-canonical TGF-β signaling.47 The 

apparently lower degree of receptor loss in the present study is likely due to adventitial cell 

contamination of the aortic medial peels (a technical issue). This explanation is supported by 

measurements of mRNA in medial peels from mice from the blood-pressure cohort of the 

present study: mice with SMC-specific Tgfbr2 deletion had significantly higher levels of 

Myh11, Tagln, and LoxL1 mRNA than control mice (data not shown). We reported 

previously that all 3 of these genes are upregulated in aortic media of mice with near-

complete deletion of TBRII in SMC.13 Upregulation of all of these genes in aortic medial 

SMC supports our conclusion that we achieved significant deletion of SMC TBRII in the 

present study. A related issue is that Tgfbr2 deletion might have been significantly less 

complete in the abdominal aorta, accounting for the lack of effect in that region. We cannot 

exclude this possibility, but we believe it is unlikely because: 1) we and others13, 48 found 

equivalent Acta2-Cre activity throughout the entire aorta using the cell-specific R26R 

reporter gene; 2) In the absence of Ang II infusion, SMC-specific deletion of Tgfbr2 with 

this same Cre-Lox system causes significant abdominal aortic pathology;13 and 3) in the 

present study there was significant medial thinning in the abdominal aorta of mice with 

SMC-specific loss of TGF-β signaling (Figure 4C).

Finally, we note that Gao et al reported that SMC-specific deletion of Tgfbr2 prevented 

aneurysmal pathology after application of elastase to the infrarenal aorta of 8-week-old 

mice.49 This result suggests that SMC TGF-β signaling is pathogenic in this location and 

model and contrasts with results from the same group showing that SMC-specific deletion of 

Tgfbr2 alone causes severe aortopathy.29 One must hypothesize model or site-specific 

effects to reconcile this result with the large body of data—including the present study—

suggesting that TGF-β signaling prevents abdominal aortic aneurysmal disease.10–12, 20, 26
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In conclusion, TGF-β appears to protect the abdominal and thoracic aorta from Ang II via 

different mechanisms, involving SMC-extrinsic and SMC-intrinsic signaling, respectively. 

Although it remains uncertain as to whether our findings can be translated to human biology, 

results at both locations reveal beneficial effects of physiologic TGF-β signaling on aortic 

health and emphasize the potential risks to human health of either systemic or vascular wall-

targeted TGF-β signaling blockade.11, 13, 29
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Highlights

• We compared the effects of systemic and smooth muscle cell (SMC)-specific 

blockade of transforming growth factor beta (TGF-β) signaling on the 

development of aortic aneurysmal pathology in angiotensin II-infused mice.

• Systemic TGF-β neutralization significantly increased the prevalence of 

abdominal—but not thoracic—aortic aneurysmal disease.

• SMC-specific blockade of TGF-β signaling significantly increased the 

prevalence of thoracic—but not abdominal—aortic aneurysmal disease.

• Systemic TGF-β neutralization tended to increase macrophage accumulation 

in a focal (~4 mm) segment of abdominal aortic adventitia.
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Figure 1. 
Experimental time course and groups. (A) Mice are enrolled at 6 weeks of age and receive 

daily tamoxifen injections for 5 days. Two weeks after the last injection, mice are implanted 

with osmotic minipumps that release angiotensin II (Ang II) for 28 days. During the Ang II 

infusion, antibodies are injected every three days. Mice are euthanized on day 48. (B) 

Genotypes, treatments, and number of mice enrolled in each of the 3 experimental groups. 

The numbers of male and female mice reflect those that completed the study.
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Figure 2. 
Systemic TGF-β signaling blockade—not SMC-specific loss of TGF-β signaling—

exacerbates angiotensin II-induced gross abdominal aortic pathology. (A) Survival of mice 

in 3 experimental groups: control mice (no TGF-β inhibition); mice with systemic inhibition 

of TGF-β activity; and mice with SMC-specific loss of TGF-β signaling. (B–D) After 28 

days of angiotensin II infusion, aortas (n=20–25 per group) were removed from surviving 

mice, photographed, and examined. (B) Maximal abdominal aortic diameters (adventitia to 

opposite side of adventitia), measured on images of explanted aortas. Red lines indicate 

group means; data points are individual mice. (C) Prevalence of abdominal aortic pathology 

and number of mice affected (shown by sex). (D) Severity of abdominal aortic pathology. 
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(E) Scale for grading abdominal aortic pathology, with examples. (A) P value is from log-

rank test. (B) P values are from Kruskal-Wallis one-way ANOVA (overall P value comparing 

the 3 groups is above), with Dunn’s correction for the pair-wise comparisons. (C,D) P values 

are from chi-square tests. (E) Ruler is in mm.
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Figure 3. 
SMC-specific loss of TGF-β signaling—not systemic TGF-β signaling blockade—

exacerbates angiotensin II-induced gross thoracic aortic pathology. After 28 days of 

angiotensin II infusion, aortas were removed from: control mice (no TGF-β inhibition); mice 

with systemic inhibition of TGF-β activity; and mice with SMC-specific loss of TGF-β 
signaling. (A) Ascending aortic diameters (adventitia to opposite side of adventitia), 

measured on images of explanted aortas. Red lines indicate group means; data points are 

individual mice. (B) Prevalence of thoracic aortic pathology and number of mice affected 

(shown by sex). (C) Severity of thoracic aortic pathology. (D) Scale for grading thoracic 

aortic pathology, with examples. (A) P value is from one-way ANOVA; (n=18–21 per 
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group). (B–C) P values are from chi-square tests (n=22–24 per group). (B) Overall P value 

comparing the 3 groups is above. (E) Ruler is in mm.
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Figure 4. 
Systemic TGF-β signaling blockade and SMC-specific loss of TGF-β signaling have tissue-

specific effects on the abdominal aorta. Planimetry was performed on transverse histologic 

sections of suprarenal/juxtarenal (A–C) and infrarenal (D–F) segments of abdominal aortas. 

Luminal, outer medial, and outer adventitial circumferences were measured. All other 

parameters were calculated assuming circular geometry in vivo. Aortas were from control 

mice (no TGF-β inhibition), mice with systemic inhibition of TGF-β activity, and mice with 

SMC-specific loss of TGF-β signaling. All mice received angiotensin II infusions. The 

number of mice per group is indicated in each bar. Bar heights are means; variance is SEM. 

(A, B, D and E) P values are from Kruskal-Wallis one-way ANOVA (overall P value is 

shown). (C and F) P values are from one-way ANOVA (overall P value is above) with 

Dunnett’s correction for the pair-wise comparisons (C).
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Figure 5. 
Systemic TGF-β inhibition increases macrophage accumulation in a focal region of the 

abdominal aorta. (A) Area staining for the Mac-2 antigen was measured on transverse 

sections of aortas from: control mice (no TGF-β inhibition); mice with systemic inhibition 

of TGF-β activity; and mice with SMC-specific loss of TGF-β signaling. All mice had 28 

days of angiotensin II infusion. Sections were from the distal descending thoracic aorta 

(dDTA), cranial abdominal aorta (cAA), and infrarenal aorta (IR). (B–D) Mean Mac-2-

stained area per section for each of the 3 aortic regions shown in (A). Data from the 1–2 mm 

tissue steps in (A) were pooled for each aortic region (dDTA, cAA, and IR) and used for 
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region-specific analyses. (A – D) Bar heights are means; variance is SEM. (B–D) P values 

are from Kruskal-Wallis one-way ANOVA; n=8–11 per group
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Figure 6. 
SMC-specific loss of TGF-β signaling—but not systemic TGF-β signaling blockade—alters 

thoracic aortic architecture. Planimetry was performed on transverse histologic sections of 

ascending aorta (A, D, and G), aortic arch (B, E, and H), and descending thoracic aorta (C, 

F, and I). Aortas were from control mice (no TGF-β inhibition), mice with systemic 

inhibition of TGF-β activity, and mice with SMC-specific loss of TGF-β signaling. All mice 

received angiotensin II infusions. Luminal, outer medial, and outer adventitial 

circumferences were measured. All other parameters were calculated assuming circular 

geometry in vivo. The number of mice per group is indicated in each bar. Bar heights are 

means; variance is SEM. (A, B, C–E) P values are from one-way ANOVA (overall P value is 

Angelov et al. Page 25

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



above) with Dunnett’s correction for the pairwise comparisons (D). (F–I) P values are from 

Kruskal-Wallis one-way ANOVA (overall P value is above) with Dunn’s correction for the 

pair-wise comparisons.
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