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RESULTS 

1. Echocardiographic measurements of Abdominal Aorta

A total number of 15 ApoE -/- mice under chronic administration of AngII were 
monitored the time course of the abdominal aortic dilatation and aneurism 
development. The aortic diameter was measured weekly (0 to 2 weeks). To 
determine the functional role of BAMBI in abdominal aortic dilation and aneurysm 
formation, 7 mice received the treatment with BAMBI neutralizing antibody, and 8 
animals were used as AngII treated controls. Images of the abdominal aorta were 
captured by transversal cut in B-mode and M-mode. Here we showed images of 
two representative animals (Fig 8 & Fig 9) with and without antiBAMBI treatment. It 
is clearly observed that mice treated with the antibody did not showed an 
aneurysm formation (increase in the aortic diameter of at least 50%) after two 
weeks under AngII administration. On the other hand, subjects from control 
group developed an abdominal aortic aneurysm after two weeks (Figure 9) 
and others developed an abdominal aortic aneurysm in one week (Figure 10).  
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One of the subjects from the study developed after two weeks a massive aneurysm, 
which can be seen in Figure 11. There was an increase of 171% from basal 
measurement of abdominal aorta. This subject after echocardiographic 
measurement, suffered a rupture of the aneurysm and was immediately carried to the 
experimental operating room for animals, dissected and thrombus was recognized, 
as seen in Figure 12.  

Figure 8. Echocardiographic measurement of abdominal aorta in one of the subjects of the 
study treated with neutralizing antibody anti-BAMBI. B-Mode was used for measuring the 
diameter of AA. 1. In this subject, basal measurement (before implantation of Angiotensin II 
pump) was 0.9. mm.  2. After one week, aortic diameter increased to 1.25 mm (38.8% gain). 
3. After two weeks, aortic diameter decreased to 1.18 mm (7.7% shrinkage of diameter,
31.1% gain from basal measurement). 

  1.  2. 
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Figure 9. Echocardiographic measurement of abdominal aorta in one of the subjects from the control 
group. M-Mode was used for measuring the diameter of AA. 1. In this subject, basal measurement 
(before implantation of Angiotensin II pump) was 0.9 mm.  2. One week under AngII administration, 
aortic diameter increased to 1.25 mm (38.8% gain). 3. After two weeks, aortic diameter increased to 
1.48 mm. This subject presented an aortic dilation of 64.4% from basal measurement, developing an 
aneurysm.  

	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

Figure 10. Echocardiographic measurement of abdominal aorta in one of the subjects of the 
study from AngII control group. B-Mode was used for measuring the diameter of AA. On the 
left the aorta basal diameter is represented (before implantation of Angiotensin II pump), that 
was 0.78 mm.  On the right, measure after one week. Aortic diameter increased up to 1.21 
mm (55.1% gain). This subject presented an aortic dilation of 55.1% from basal 
measurement, which means that developed an aneurysm. 
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Figure 11. Echocardiographic measurement of abdominal aorta in one of the subjects of the 
study  from AngII control group. B-Mode was used for measuring the diameter of AA. 1. In 
this subject, basal measurement (before implantation of Angiotensin II pump) was 0.90 mm.  
2. After two weeks, aortic diameter increased to 2.44 mm. This subject presented an aortic 
dilation of 171% from basal measurement, aneurysm was formed, and developed a 
thrombus, which is showed in both transversal and longitudinal sections. 
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Figure 12. Dissection of one of the subjects from the study. Procedure was performed right 
after echocardiographic measurement of abdominal aorta. Mouse was opened with an 
anterior thoracoabdominal section. Organs from the thorax and peritoneal cavity were moved 
apart and retroperitoneum was exposed. Thoracic and abdominal aorta were identified. A 
prominent aneurysm (with thrombus inside) was centrally located in the abdominal aorta 
surrounded by haemorrhage from aneurysm rupture (black circle). 

 

 

2. Anti-BAMBI antibody function in the development of aneurysms in ApoE-/- 
mice 

To determine the effects of TGF-β on abdominal aortic aneurysm formation, we 
injected anti-BAMBI antibodies, at a dose of 40 mg/kg once per week, into ApoE-/- 
mice infused with AngII. Injections were started right after infusion of AngII. Injection 
of the rabbit anti-BAMBI antibody had no overt detrimental effects on mouse health 
and body weight. 

According to results obtained in echocardiographic measurements after one week of 
AngII infuson, percentage of aortic dilatation was evaluated. There is a significant 
reduction in the percentage of aortic dilation in ApoE-/- Anti-BAMBI mice (n= 7) 
compared to those that did not receive the antibody (n= 8) (p<0.05) (Figure 13). 
These results indicate that treatment with a BAMBI neutralizing antibody induces a 
lower increase in aortic dilatation 1 week after AngII osmotic pumps implantation.  
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Figure 13. BAMBI neutralization (40 mg/kg/week) produced a lower % of aortic 
dilatation after one week. This was confirmed by in vivo ultrasonography. Aortas of infused 
mice were ultrasonically scanned at day 7 of infusion. Two-dimensional images (B mode) of 
short-axis scans were acquired to determine the maximal diameters of abdominal aortas. * 
denotes P< 0.05 by Student’s t-test. 

 

 
 

3. Anti-BAMBI antibody effect in the survival of ApoE-/- mice 

Concomitant infusion of AngII with injection of a mouse BAMBI neutralizing antibody 
leaded to a significant decrease in death due to aortic rupture. From the ApoE -/- 
mice injected with Anti-BAMBI antibody (n=7), 70% of them survived after two weeks, 
while in the ApoE -/- mice group (n=8) less than 50% survived after two weeks 
(Figure 14). 

	

Figure 14. Survival curve for Ang II infused ApoE -/- mice  with and without anti–BAMBI 
antibody treatment.  Those with antibody injected presented lower rates of mortality 
compared with no anti-BAMBI treated ApoE-/- mice.  * Denotes P< 0.05 by Mantel-Cox test. 

* 

* 
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4. Anti-BAMBI antibody effect in vascular remodelling of aortic wall in ApoE-/- 
mice 

Ang II–induced aneurysm formation in ApoE –/– mice is associated with vascular 
thinning and inflammation [8]. We therefore examined the expression of components 
of ECM from the vessel wall, such as Coll, ColIII and FN1, which are also targets of 
TGF-β.  

Moreover, as TGF-B is among the most potent soluble factors that promote the 
contractile phenotype in VSMC we also evaluate the expression of two specific 
proteins involved in smooth muscle cell contraction, such as a specific myosin heavy 
chain (MYH11) and a specific isoform of α-actin (alpha-SMA or ACTA2). It was 
observed that anti–BAMBI–treated mice to AAA formation was associated with an 
increase in the accumulation of MYH11 and alpha-SMA, but only in MYH11 analysis 
we appreciated a significant difference between ApoE -/- anti-BAMBI mice and ApoE 
-/- mice (p<0.05) (Figure 15). This result would mean that due to a supposed 
increased signal of TFG-B because of anti-BAMBI antibody neutralization, the 
contractile phenotype in SMC from vascular wall is induced. Nevertheless, a more 
deep study in switching phenotype markers specific of VSMC should be addressed to 
conclude the effect of anti-BAMBI in SMC phenotype.   

According to a study performed by the group Villar et al., that analysed ColI, ColIII 
and FN1 mRNAs expression in myocardium from BAMBI+/+ and BAMBI−/− mice, the 
absence of BAMBI (thus, an increase of TGF-β) showed an up-regulation in collagen 
accumulation in myocardial muscle, which induced a myocardial fibrotic process [75]. 
However, in this study we obtained that abdominal aortas from ApoE -/- anti-BAMBI 
mice showed a reduced quantity of collagen I (p<0.01), fibronectin (p<0.05) and 
collagen III, this last one not showing a significant difference between the two groups 
(Figure 16).  As TGF-β is a direct effector on pro-collagen production [77], an 
increase in the relative expression of collagen should be seen compared to the non-
treated group. On the other side, there are studies in Marfan animal models [78]  
which considered that a high secretion of ECM proteins as collagen, increases 
intrinsic cellular and ECM stiffness contributing to the aortic rigidity that usually 
precedes or accompanies aneurysm formation. In our study the treatment with anti-
BAMBI significant reduce the expression of ColI and FN1 which could help in 
presenting a less rigid vascular wall in aorta and explain the lower mortality due to 
aorta break in this group. To understand the molecular mechanisms of anti-BAMBI 
antibody in the vascular wall remodelling in aneurysm formation, more studies 
focused in the role of TGF-β in SMC phenotype and ECM synthesis should be 
addressed.  

To evaluate if the BAMBI neutralizing antibody had an effect in the expression of 
TGF-β1 and TGF-β2, both genes expression was also analysed (Figure 17), 
obtaining a discrete elevation in the ApoE -/- anti-BAMBI group compared to the 
ApoE -/- group, but none of them presented a significant rising.  
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Figure 15. ApoE -/- anti-BAMBI treated mice showed a higher expression of both specific myosin 
heavy chain (MYH11) and specific isoform of α-actin (alpha-SMA or ACTA2). Relative protein 
expression of genes encoding remodelling-related elements in anti-BAMBI treated mice and not 
treated mice. A: Specific myosin heavy chain (MYH11); B: Specific isoform of α-actin (alpha-SMA or 
ACTA2). The gene expressions were normalized to 18S. Data are expressed as means±SEM. 
*p<0.05, anti-BAMBI treated vs. not treated mice (Student's t test). 

	
	
	
	
	

    A.                                                 B.                                             C. 

	
Figure 16. ApoE -/- anti-BAMBI treated mice showed a lower expression of components from 
the extra cellular matrix (collagen I, collagen III and fibronectin). Relative protein expression 
of genes encoding remodelling-related elements in anti-BAMBI treated mice and not treated 
mice. A: Collagen I (Col I); B: Collagen III (Col III); C: Fibronectin 1 (FN-1). The gene 
expressions were normalized to 18S. Data are expressed as means±SEM. *p<0.05, 
**p<0.01, anti-BAMBI treated vs. not treated mice (Student's t test). 
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Figure 17. ApoE -/- anti-BAMBI treated mice showed a higher expression of both TGF-β1 
and TGF-β2. Relative protein expression of genes encoding inflammation-related elements in 
anti-BAMBI treated mice and not treated mice. A: Transforming Growth Factor 1 (TGF-β1); 
B: Transforming Growth Factor 2 (TGF-β2). The gene expressions were normalized to 18S. 
Data are expressed as means±SEM. *p<0.05, **p<0.01, anti-BAMBI treated vs. not treated 
mice (Student's t test). 

 
 
 
DISCUSSION 

This study shows how BAMBI (and its neutralization with antibodies) can influence in 
the development of abdominal aortic aneurysm in ApoE-/- Angiotensin-II infused 
mice. Our main finding is that inhibition of BAMBI with antibodies injection plays a 
pathophysiological role in the modulation of abdominal aortic aneurysm formation by 
modulating TGF-β signalling and in consequence the expression of its targets from 
ECM like ColI and FN1. Our characterization of BAMBI functions in vivo adds new 
insights to the complex regulation of TGF-β signalling. 

In the last few years, the decoy receptor BAMBI has emerged as a crucial negative 
regulator of the TGF-β superfamily signals [79], with a relevant role for their fine-
tuning during embryogenesis [80]. Although BAMBI is dispensable for mouse embryo 
development and postnatal survival [75], several reports have underlined the 
importance of a reliable negative regulation of TGF-β by BAMBI for tissue 
homeostasis during adulthood. Aberrant BAMBI expression conveys TGF-β signalling 
alterations in different organs and tissues, with relevant pathophysiological 
implications in processes such as neuropathic pain [81], hepatic fibrosis [73], and 
tumour growth and metastasis [55,58,72].  

Despite decades of intensive study in TGF-β pathway, there are paradoxical 
discoveries on the role of TGF-β signalling for the development of aneurysm. The 
precise role of endogenous TGF-β activity in native inflammatory forms of AAAs 
remained unexplored, and previous assumptions about its potential protective role 
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were challenged by the discovery that endogenous vascular TGF-β activity is 
increased in patients with Marfan syndrome and contributes to vessel dilatation and 
aneurysm formation [22, 82].  Similarly, aortic tissues of Loeys– Dietz syndrome 
patients showed increased TGF-β signalling activity [64]. By incorporation of its 
systemic pan-specific TGF-β-neutralizing antibody many critical phenotypes could be 
attenuated [50]. In addition, more recent studies reported increased TGF-β 
expression, retention, and/or signalling in syndromic and nonsyndromic aneurysms of 
the ascending aorta [82] and even in the AngII– induced mouse model of AAA [8] and 
suggested a pathogenic role for TGF-β activity in driving aneurysm formation. Results 
from the group of Wang et al. [8,67] clearly indicate that the recently reported 
pathogenic role of TGF-β activity in Marfan syndrome cannot be extrapolated to Ang 
II–dependent AAA, and that increased TGF-β expression in the Ang II–induced 
mouse model of AAA should be considered as a counterregulatory protective process 
that is critically required for the preservation of vessel integrity. This study 
demonstrated that AngII infusion into mice, combined with TGF-β neutralization, had 
90% incidence of aneurysm and rupture in normocholesterolemic C57BL/6 mice [67]. 
Even though these studies are performed in a different type of mice from the ones 
used in our study (ApoE-/-), their results can be extrapolated to those obtained here, 
which will be explained below. 

It has been examined why TGF-β is detrimental for aneurysm formation in Marfan 
syndrome but is critically required to maintain vessel integrity in C57BL/6 mice 
infused with AngII [67]. Increased TGF-β activity in Marfan vessels is compatible with 
the noninflammatory phenotype of the disease. There are several hypotheses that try 
to explain this paradoxical situation. One of them is that, in Marfan syndrome, 
increased TGF-β activity during vascular development induces noninflammatory 
pathologic matrix remodelling and accelerated growth of a loose and fragile vascular 
wall. However, other forms of AAA in humans or in mouse models of the disease are 
characterized by a thin arterial wall with loss of smooth muscle cells and extracellular 
matrix, associated with a marked vascular inflammation [67]. Another potential 
explanation for the differential role of TGF-β in Marfan syndrome and the present 
model of AAA is that the vascular effects of TGF-β may vary according to aneurysm 
localization (thoracic versus abdominal) and the embryonic origin of vascular cells [8]. 
These hypotheses merit further exploration. 

Our results may seem to contradict recent results by Chen et al. [83], who showed 
that TGF-β inhibition during AngII infusion augments expansion and rupture in both 
the thoracic and abdominal regions of the aorta. AngII and TGF-β have complex 
interactions during development of aortic aneurysms. AngII inhibition by losartan in 
several mouse models of enhanced TGF-β activity completely suppressed ascending 
aorta aneurysm and rupture [82]. The basis for TGF-β neutralization influencing aortic 
pathology during AngII infusion is unclear. However, it is likely that AngII promotes 
local secretion of TGF-β within the aortic wall. For example, AngII stimulates 
secretion of TGF-β from smooth muscle cells and fibroblasts, which are major cell 
types in the aortic media and adventitia, respectively. Since platelets are a major 
source of TGF-β [84], in our study it would have been interesting to measure platelets 
levels in whole blood to determine whether the neutralizing antibody could have an 
effect on our population. 
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However, in contrast to what is written above, other studies showed that systemic 
abrogation of TGF-β signalling deteriorated (rather than attenuated) AAA progression 
in an angiotensin II infusion model [67]. These seemingly contradictory discoveries 
could be less surprising in light of that the TGF-β pathway comprises molecules with 
diverse and often opposing functions. TGF-β signalling seems to act as a master 
upstream modulator regulates both pro- and anti-inflammatory pathways depending 
upon aneurysm localization (thoracic versus abdominal) and the principal types of 
cells (SMC versus inflammatory cell) that modulated by TGF-β signalling [50].  

In our study with echocardiographic measurements of abdominal aorta we showed 
that, contrary to the harmful role of TGF-β inhibition in the formation of AAA in an 
angiotensin II infusion model [83], treatment with anti-BAMBI antibody prevents the 
development of AAA. While those who were under the only administration of AngII 
showed a higher percentage of aortic dilatation and aneurysm, or even thrombus, 
formation. Thrombus can be associated with greater wall inflammation, increased 
apoptosis of smooth muscle cells and with a more marked reduction of elastin. These 
three phenomena are the cause of frequent rupture of the aneurysm at the site of the 
thrombus [85]. The results about treating with anti-BAMBI antibodies for prevention of 
thrombus formation and stabilization correspond to the results obtained by Salles-
Crawley et al., who demonstrated that BAMBI-deficient mice exhibit altered 
haemostasis and impaired thrombus stability [69].  

Our Ang II infusion model in ApoE-/- mice leads to a highly reproducible induction of 
severe and complicated AAAs and can be easily implemented to assess the 
pathophysiological pathways leading to aneurysm formation and dissection or to test 
novel therapeutic strategies. Thus, despite the limitations inherent to the use of an 
acute model with artificial infusion of Ang II in ApoE-/- mice, the information provided 
here that inhibition of BAMBI modifies the curse of abdominal aneurysm formation 
might be of clinical relevance given that Ang II signalling is involved in many human 
disorders, including AAA [86]. However, given the fact that a high percentage of mice 
die before day 14 from AAA rupture, the model will be more suitable to the testing of 
preventive rather than curative therapy. Finally, whether our results could extend to 
other models of aneurysm formation or to mice with a different genetic background 
remains to be explored.  

Detailed and precise understanding of the pathophysiology of vascular aneurysm 
formation is a prerequisite for the development of efficient nonsurgical therapeutic 
strategies to limit the important burden of the disease. Initial studies highlighted the 
association of a chronic transmural inflammatory process with loss of medial smooth 
muscle cells and a destructive remodelling of the extracellular matrix as important 
histopathologic features of human AAAs [68]. Because it promotes smooth muscle 
cell survival, matrix preservation, and antiinflammatory activities, TGF-β is required 
for the prevention of the prominent vascular inflammation, vascular cell death, and 
matrix degradation that characterize AAA in humans and that are recapitulated, at 
least to some extent, in the mouse model of Ang II–induced AAA [67].  

Vascular remodelling includes a tightly regulated balance between degradation and 
rebuilding of the ECM. A pathological shift towards excessive ECM degradation 
results in loss of vascular wall integrity, which may precede aneurysm formation. One 
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of the upstream regulators of vascular remodelling is the TGF-β signalling pathway, 
which has been extensively studied in light of TAA syndromes [59].  

Since TGF-β is a profibrotic cytokine that, through its Smad-mediated canonical 
signalling, reduce ECM turnover [75], it could be presumed that BAMBI inhibition and 
subsequent TGF-β signalling hyperactivity would exaggerate such an effect. There 
are studies performed that analysed ECM deposition (mainly collagens I and III and 
fibronectin) in cardiac muscle that showed an increase in the expression of this 
components, thus increased myocardial stiffness [75]. Collagen I is a major target 
gene of TGF-β1 and is responsible of more than 85% of the total ECM deposition in 
fibrotic and inflammatory processes. However, in our study ECM components 
expression were significantly reduced in anti-BAMBI treated mice (ColI and FN1). We 
suggest that the neutralization of BAMBI, by using specific antibodies, could favour a 
more flexible vascular wall of abdominal aorta. This scenario is compatible with 
previous results showing that AAA appearance was concomitant with elastin 
disruption and that AAA rupture is secondary to AAA formation [8]. Furthermore, it 
has been demonstrated that fibroblasts and SMCs increase type I collagen 
production during inflammation [44]. According to this, the decrease in expression of 
collagen I in anti-BAMBI treated mice would mean a reduction in inflammation in 
abdominal aortic wall, contributing to lowering the risk of rupture of aneurysms. In 
addition, this less stiff phenotype induced by neutralization of BAMBI could also 
correlate with results obtained in mice survival. As vascular wall is more elastic, risk 
of rupture and, consequently, death is lower. Further investigation should be made 
among this field to understand the molecular mechanisms related with ECM 
deposition and vascular remodelling in anti-BAMBI treated mice model 

A common feature of AAA is fragmentation of the elastic laminae and smooth muscle 
cell loss [50]. This may be the result of defective vascular remodelling, which under 
physiological circumstances induces adaptive changes within the vessel wall upon 
hemodynamic stress or as a response to vascular injury. According to this, in our 
study we confirmed that BAMBI inhibition significantly increases the expression of 
MYH11,that forms part of a myosin protein complex found in smooth muscles. It 
belongs to a group of proteins called myosins, which are involved in cell movement 
and the transport of materials within and between cells. Thick filaments made of 
myosin, along with thin filaments of another protein called actin, are the primary 
components of muscle fibres and are important for muscle contraction. In our study, 
an increased signal of TFG-B because of anti-BAMBI antibody neutralization, could 
induce the contractile phenotype in SMC from vascular wall. However, a more deep 
study in switching phenotype markers specific of VSMC should be addressed to 
conclude the effect of anti-BAMBI in SMC phenotype. 

 

There are several limitations in our study that must also be considered in further work 
for the role of TGF-β signalling in aneurysm formation. First, AngII infused ApoE-/- 
mice is an artificial acute model of AAA formation that differs from human chronic 
aortic aneurysm. Second, this investigation was performed solely in vivo and 
therefore future experiments could seek to examine this hypothesis in vitro. And third, 
gene expression were only analyzed from abdominal aortic wall. To show a more 
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detailed explanation of how BAMBI (thus, TGF-β) works, an analysis from both 
thoracic and abdominal vessel wall of aorta could have been performed. Moreover, 
the role of TGF-β signalling in inflammatory cell for AAA pathogenesis should also be 
explored in further studies. 

It is unlikely that aneurysm formation is preventable in AAA by inhibiting a single 
pathway, because in contrast to the TAA syndromes, AAA is considered as a 
complex disease. Not a single gene defect, but multiple biological processess and 
environmental factors contribute to its pathogenesis. However, targeting different 
molecular pathways as well as aiming for efficient risk factor reduction (ie, smoking 
cessation, tension control) could be addressed together in the development of future 
therapies. 

 

CONCLUSION 

In conclusion, we show that contrary to its pathogenic role in the promotion of 
aneurysm development in Marfan syndrome, TGF-β activity is critically required for 
protection against the development of AAA and dissection in ApoE-/- mice treated 
with Ang II. The protective effect involves a critical role of TGF-β in the modulation of 
expression of ECM components, and the preservation of contractile proteins from 
smooth muscle cell. The literature indicates that TGF-β pathway plays different roles 
in distinct forms of aneurysm and extrapolation of results between TAA and AAA 
should be taken carefully In this way, BAMBI in AAA, as negatively modulate TGF-B 
signalling, could be implicated in an increase of abdominal aneurysm development. 
Alterations in BAMBI may play a role in the pathophysiology of aneurysm formation, 
and manipulation of BAMBI might confer disease-specific therapeutic benefits. 
Further experimental and clinical studies are warranted to clarify whether such 
approaches may offer new therapeutic opportunities for the palliation of pathological 
abdominal aortic aneurysm. 
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