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Abstract: Aortic dissection (AD) is a life-threatening aortopathy with high mortality. To mimic spontaneous AD, in-
vestigate the pathogenesis of AD and develop novel therapeutic targets and measures, multiple AD experimental 
models have been generated, including drugs or chemicals induced experimental models, genetically modified ex-
perimental models, surgically or invasively induced experimental models, and ex vivo models. However, the perfect 
model of AD that replicates every aspect of the natural disease has not be generated yet. This review provides an 
overview of the experimental models used in AD preclinical research. The value and challenges of each in vivo and 
ex vivo model are discussed.
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Introduction

Aortic dissection (AD), with high mortality, is 
one of the extremely dangerous aortic diseases 
around. Patients with AD regardless of its clas-
sification are at high risk for an adverse out-
comes and in the patients with an acute Type A 
AD there are a mortality of 50% chance of 
death within the first 48 hours if not operated 
[1]. Although a variety of operations developed 
and the application of intravascular stent great-
ly improved survival rate and period of AD 
patients, the therapeutic results of some 
patients are disappointing. In addition to all of 
this, there is almost no specific medicine to 
treat AD. The major reason for this may be due 
to the fact that the pathogenesis of AD is not 
fully elucidated. Therefore, unravelling the 
pathogenesis of AD is urgently needed, and in 
generating a good experimental model we have 
the potential to go along way. 

An AD is initiated by an intimal tear which fur-
ther penetrates through the medial layer, 
resulting in separation of the aortic wall layers 

and subsequent formation of a true lumen and 
a false lumen [1]. The dissection can extend 
either an antegrade or retrograde manner from 
the location of the entry tear. In some patients, 
a second intimal tear may form to communicate 
a true lumen and false lumen, which will reduce 
impulse and shear force of blood flow on adven-
titial layer and thrombosis. However, the most 
serious consequence is an aortic rupture in the 
case of adventitial disruption before surgery, 
which will directly lead to hypotension shock,  
or even the death of patients. AD can be classi-
fied according to the segments involved. In this 
light, the Debakey system and the Stanford  
system were developed and are the two most 
commonly used classifications in practice today 
[2]. AD is subdivided into Debakey Type I, II, and 
III by Debakey system, and are depicted as 
Stanford Type A or B by Stanford system (Figure 
1) [3-5]. In addition to this, AD can also be divid-
ed into acute (<14 days), sub-acute (15-90 
days), and chronic (>90 days) AD according  
to duration [1]. As stated in 2014 European 
Society of Cardiology (ESC) guidelines on aortic 
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diseases, AD is rarity in epidemiology [1]. 
Specifically, the results of Oxford Vascular study 
show that the incidence of AD is estimated 6 
cases per 100,000 persons per year and se- 
ems to be increasing [2, 6], as evidenced by  
the study of Clouse and his colleagues per-
formed in Olmsted county, MN, USA between 
1980 and 1994, in which they reported the 
incidence of acute AD was 3.5 cases per hun-
dred thousand people in the county [7]. The 
improvements made in the field of diagnostic 
imaging might have contributed a lot to the 
increased incidence of AD cases. Particularly, 
males are found to be more vulnerable to  
AD than females and the incidence increases 
with age [8]. In the International Registry of 
Aortic Dissection (IRAD) study, 65% of patients 
with AD were male, with the mean age of 63 
years [9]. Data from IRAD also told the truth 
that up to 16% of patients with AD have a 
known aortic aneurysm [9, 10]. Poorly con-
trolled hypertension, as observed in 65-75%  
of individuals, is the most common risk factor 
of AD [9, 11-14]. Other risk factors include  
age, sex, atherosclerosis, aortic aneurysm, aor-
tic valve disease, family history of aortic diseas-
es, inherited disorders (e.g. Marfan syndrome 
(MFS), Ehlers-Danlos syndrome, Loeys-Dietz 
syndrome), history of cardiac surgery, iatrogen-
ic related to coronary catheterization, cigarette 
smoking, pregnancy, direct blunt chest trauma 
and abuse of intravenous drugs (e.g. cocaine 
and amphetamines) [3, 15-18]. In addition, pre-
vious publications demonstrated that up to 
20% of road accident fatalities had a ruptured 
aorta [19]. The major pathological change of  
AD is medial degeneration, as evidenced by 
loss of smooth muscle cells, deposition of 

mucoid material or glycosaminoglycans in cys-
tic-like spaces, fragmentation of elastic fibers 
[20]. Inflammatory cells infiltration and inflam-
matory cytokines release also contribute a lot 
in initiating the intimal entry tear, destroying 
the medial layers of the aortic wall, and activat-
ing matrix metalloproteinase, which finally pro-
mote the formation of human AD [21, 22]. 

The purpose of this review is to discuss the 
most up-to-date experimental models of AD 
and to provide comprehensive information for 
researchers. Although the research on the 
pathogenesis of AD has made great progress, 
many problems still remain unresolved. There- 
fore, choosing or generating a good animal 
model is in urgent need for the study of AD.

Experimental models

In the following text we will discuss the most  
up to date experimental models of AD including 
drugs or chemicals induced experimental mo- 
dels, genetically modified experimental mod-
els, open surgery or minimally invasive surg- 
ery induced experimental models, and ex vivo 
models. 

Drugs or chemicals induced experimental 
models

Normally, the aortic wall is composed histologi-
cally of three layers: the tunica intima, media, 
and adventitia [23]. The structural and func-
tional changes in the aortic wall provide a physi-
cal basis for the occurrence of AD. The tensile 
strength and elasticity of the aorta reside in the 
medial layer, which is composed of concentric 
sheets of elastic and collagen fibres, as well as 
smooth muscle cells (SMCs) [1, 23]. The patho-
logical hallmark of AD is medial degeneration, 
as evidenced by fragmentation and loss of the 
elastic lamellae, focal areas lacking smooth 
muscle cells, and accumulation of proteogly-
cans in the aortic media [23, 24]. It’s reported 
that medial degeneration was detected at  
multiple sites in 96.4% of patients via histolog-
ic examination [20]. However, an earlier study 
showed that only 18% of patients with AD ex- 
hibited medial degeneration in the ascending 
aorta [25]. The disparity between these two 
researches may due to the earlier study just 
counting medial degeneration in the ascending 
aorta but not the entire aorta. In most patients, 
the intimal tear is the exactly primary event that 

Figure 1. Classification of aortic dissection. Sche-
matic diagram of aortic dissection subdivided into 
DeBakey Type I, II, and III, or Stanford Type A and B.
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Figure 2. Drugs or chemicals induced aortic dissection animal models. A. Wild-type rats were stimulated with 0.25% 
β-Aminopropionitrile (BAPN) by orally at 3 week-old age for 4 weeks with 64.7-75% incidence of aortic dissection/
rupture. B. Wild-type mice were treated with 0.25% BAPN by orally at 3 week-old age for 4 weeks, and then chal-
lenged with 1 μg/kg/min of Ang II by Alzet osmotic minipumps for indicated times, and 20%, 80%, 100% aortic 
dissection incidence was observed after Ang II treated for 6, 12, 24 hours, respectively. C. The wild-type mice were 
first locally disposed with 0.5 M CaCl2 at external surface of the infrarenal aorta, and then stimulated with 2 mg/
kg/min of Ang II for 2 weeks via Alzet osmotic minipumps. After that the mice were injected with 100 μg/kg/day 
recombinant murine granulocyte macrophage colony-stimulating factor (GM-CSF) by intraperitoneally for 2 or 4 
weeks. D. The adult ApoE-/- mice were treated by subcutaneous implanting an Alzet osmotic minipumps loaded with 
1 mg/kg/min of angiotensin II (Ang II) for 28 days. E. The adult wild-type mice were topically challenged with 30 μL 
(5 U/mg of protein) of highly concentrated type I porcine pancreatic elastase at infrarenal aorta to induce aortic 
aneurysm/dissection.
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allowed the blood to spread through the aortic 
media, and medial degeneration reduces the 
resistance of the aortic wall to hemodynamic 
stress, leading to subsequent dissection [23]. 

The β-aminopropionitrile (BAPN) monofuma-
rate, a lysyl oxidase inhibitor, is known to induce 
AD in young rats by inhibiting the cross-linking 
of collagen fibers [26, 27]. A recent study per-
formed by Li and his colleagues showed that 
0.25% BAPN treatment orally, instead of 0.4% 
or injecting 667 mg/kg/day, might be an appro-
priate dosage to induce rat aortic dissecting 
aneurysm or AD model [28]. 75% of the rats 
had an aortic dissecting aneurysm formation  
or death in the 0.25% BAPN treatment group, 
which was much higher than in the other two 
BAPN treatment groups (Figure 2A). The diam-
eter of thoracic aorta, media thickness and 
area of thoracic aorta were significantly incr- 
eased after 0.25% BAPN treatment which was 
consistent with the pathologic changes of the 
patients with aortic dissection. These results 
indicated that aortic dissecting aneurysm for-
mation was not BAPN dose-dependent [28]. 
However, they did not compare whether the 
incidence of aortic dissecting aneurysm and 
mortality was different between orally or injec-
tion the same concentration of BAPN in rats. 
Another study conducted by the same resear- 
ch team demonstrated that compared with  
normal control or 0.25% BAPN treatment with-
out AD, aortic longitudinal elastic strength  
was dramatically decreased in rats with 0.25% 
BAPN treatment with AD, as evidenced by decr- 
eased maximum stretching length, maximum 
strength, maximum extensibility, draw ratio, 
maximum load, and elasticity modulus [29]. 
Similarly, the mouse AD model was generated 
by administrating freshly prepared BAPN solu-
tion dissolved in the drinking water (1 g/kg/
day) to three week-old male mice for 4 weeks 
[30]. Their results showed that in 16 out of  
18 developed thoracic aortic aneurysm/dis- 
section (TAAD) and of these 10 died from rup-
ture, and mechanical stress-induced endoplas-
mic reticulum stress promoting smooth muscle 
cells apoptosis, inflammation and degenera-
tion may be responsible for TAAD formation  
and progression [30]. Three-week-old Sprague-
Dawley rats were also treated with 0.25% 
BAPN, after 1 week, and temocapril (an angio-
tensin-converting enzyme inhibitor, ACEI) or 
CS-866 (angiotensin II receptor type-1 blocker) 

was administered orally for 2 weeks. A sponta-
neous dissection was observed in 64.7% rats 
treated with 0.25% BAPN only, while only 26.7% 
rats have AD after temocapril treatment, which 
indicated that temocapril significantly prevent-
ed BAPN induced AD, cystic medial degenera-
tion, and vascular smooth muscle cells apopto-
sis. In contrast, CS-866 had no statistically 
significant effect on BAPN induced AD [31]. 
Therefore, these results indicated that ACEIs 
might be of clinical value for the prevention and 
treatment of aortic diseases. Since the patho-
logical process of AD could be prevented by 
ACEIs, angiotensin II (Ang II) infusion may have 
accelerated AD development. Given this, a 
novel AD model was established by infusing 
Ang II (1 μg/kg/min) to immature mice (three-
week-old) that had been receiving BAPN for 4 
weeks [32]. In this mouse model, 20%, 80%, 
100% AD incidence were observed after Ang  
II treated for 6, 12, 24 hours, respectively 
(Figure 2B). Their further study demonstrated 
that AD was initiated by infiltrated neutrophils 
in aortic intima and released MMP9 in response 
to Ang II infusion. However, blood pressure ele-
vated equivalently in the BAPN-treated wild-
type mice infused with norepinephrine (NE, 1.3 
μg/kg/min) or Ang II (1 μg/kg/min), but only 
10% of the mice treated with NE infusion or 
BAPN treatment alone had AD, which indicated 
in the induction of AD, Ang II has other func- 
tion other than vasopressor [32]. In compari-
son with older C57BL/6J mice, reduced inci-
dence of AD was observed after Ang II infusion 
into mice that lacked either IL-6 or CCR2,  
and adoptive transfer of Ccr2+/+ monocytes into 
Ccr2-/- mice could restore of IL-6 secretion and 
increase incidence of AD [33]. Administration  
of granulocyte macrophage colony-stimulating 
factor (GM-CSF) in wild-type mice subjected  
to aortic inflammation (local application CaCl2 
and Ang II infusion for 2 weeks) caused AD/
intramural haematoma (Figure 2C) [34]. It see- 
ms that a combination of aortic inflamma- 
tion with GM-CSF infusion is necessary for the 
phenotype, as evidenced by Ang II, CaCl2 or 
GM-CSF alone was not sufficient to induce  
AD/intramural haematoma [34]. The results 
indicated that this method could induce AD/
intramural haematoma within 2 weeks with 
high reproducibility (at least 70%) even in  
young wild-type mice [34]. Given Nox2 is an 
important source of reactive oxygen species 
(ROS) production in response to pathological 
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stimuli such as Ang II [35], endothelium-specif-
ic Nox2 overexpression mice have increased 
endothelial ROS production, cyclophilin A sec- 
retion, endothelial vascular cell adhesion mol-
ecule-1 expression, matrix metalloproteinase 
activity, and CD45+ inflammatory cell infiltra-
tion, which remarkably increases susceptibility 
to AD in Ang II-induced mouse model [36]. 

Though Ang II or BAPN alone could induce AD  
in ApoE-/- or immature wild-type mice, respec-
tively, it’s more sufficient to generate AD ex- 
perimental model by combination of Ang II with 
BAPN or other chemical/drugs. Notably, in this 
process, Ang II not only just functions as vaso-
pressor, but also a pro-inflammatory factor. 
Hypertension affects the arterial wall in several 
ways, including causing intimal thickening, cal-
cification, fibrosis, and extracellular fatty acid 
deposition, as well as spontaneous rupture of 
the aortic vasa vasorum, which were the initiat-
ing factors leading to intramural hematoma 
and subsequently to intimal tear [37-39]. In 
addition, increased intimal thickening and 
adventitial fibrosis resulted in lack of nutrient 
and oxygen supply to the arterial wall, leading 
to degradation of the extracellular matrix, endo-
thelial cells and smooth muscle cells apopto-
sis, and elastolysis with hyalinization of colla-
gen. All these changes will increase stiffness 
and vulnerability of aorta to pulsatile forces, 
which may eventually lead to intimal disruption 
[25, 37, 38, 40-42]. Hypertension augments 
mechanical strain on the aortic wall. Mechani- 
cal forces affect aortic dissection by following 
ways: the shear stress of the blood, the radial 
impact of the pressure pulse, and flexion forces 
of the vessel at fixed sites [38]. There is ample 
evidence demonstrating that inflammatory 
cells often accompany medial degeneration 
[23, 32-34]. Inflammatory response could 
destroy the medial layers of the aortic wall via 
releasing inflammatory factor and activating 
matrix metalloproteinase which leads to weak-
ening, expansion, and dissection of the aortic 
wall. On the other hand, autoimmune process-
es may affect vasa vasorum, resulting in nutri-
ent deficiency of aortic wall layers [21, 22]. 
Given that the major pathologic changes of 
human AD, including increased diameter of tho-
racic aorta, media thickness and area of tho-
racic aorta, decreased longitudinal elastic 
strength, accelerated smooth muscle cells 
apoptosis, inflammation and degeneration, 
activation of matrix metalloproteinase, and ele-

vated blood pressure, were reproduced in mice 
or rats treated with combination of BAPN and 
Ang II, these experimental models could largely 
mimic the pathological process of AD in human 
beings. 

TAAD is characterized by excessive SMC loss, 
extracellular matrix (ECM) degradation and in- 
flammation. The conventional model of abdom-
inal aortic aneurysm (AAA) model is treating 
apolipoprotein E-deficient (ApoE-/-) mice with 
Ang II for 28 days, which could achieve 60- 
80% incidence of AAA [43, 44]. As aneurysms 
and atherosclerosis are the risk factor for AD 
occurrence, in ApoE-/- mice with Ang II stimula-
tion, accumulation of macrophages in medial 
regions of elastin degradation led to aneurysm 
and medial dissection [43]. A research demon-
strated that among 65 Ang II-infused ApoE-/- 
mice, 16 mice (25%) suffered from aortic rup-
ture with 44% in the aortic arch and 56% in the 
suprarenal region and most of these occurred 
within the first 7 days after Ang II infusion 
(Figure 2D) [44]. In the same model, another 
research group observed one or several focal 
dissections in the ascending aorta, and the  
volume of the dissections moderately corre- 
lated to the volume of the aneurysm as mea-
sured in vivo (r2 = 0.46) [45]. Notably, approxi-
mate 58% of animals developed an interlami-
nar hematoma which could be linked to an inti-
mal tear after 3 days of Ang II infusion [45]. 
Their data also showed that progressive 
enlargement of the focal dissections over time 
may have been due to a significant increase in 
single laminar ruptures, and fatal transmural 
dissection was observed in 17% of mice at an 
early stage of the disease [45]. 

In recent years, many other methods had 
emerged to establish AD experimental model 
[34, 46-49]. For example, intracranial aneu-
rysm (IA) and aortic dissection rat model was 
generated by salt loading and hemi-lateral liga-
tion of renal and carotid arteries, and their 
results also demonstrated that prostaglandin 
F-receptor antagonist AS604872 accelerated 
degeneration of the media in both cerebral 
artery and aorta and promoted IA and AD  
[47]. This model maybe more suitable for inves-
tigating the role of hypertension in AD occur-
rence. After exposing the abdominal aorta via 
midline laparotomy, the infrarenal aorta was 
treated with 30 μL (5 U/mg of protein) of highly 
concentrated type I porcine pancreatic elas-
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tase. Elastase, not washed off prior to closing 
the abdomen, was dropped on the anterior 
aorta from a 2-cm height for 5 min to achieve 
topical application. After 14 days, abdominal 
aortic aneurysm was occurred in both the 
external elastase-treated males (100%) and 
females (90%) (Figure 2E) [48]. Fragmentation 
of elastic fibers is an obvious pathological 
change in the aorta of patients with AD [20], 
and the model induced by type I porcine pan-
creatic elastase is the critical way of studying 
AD that results from the elastic fibers disrup-
tion or reduction.

Genetically modified experimental models

As we known, numerous genetic syndromes 
predispose individuals to AD. Three major 
inherited connective tissue disorders, MFS, 
Loeys-Dietz syndrome, and Ehlers-Danlos syn-
drome (vascular form), affect the integrity of 
the arterial wall, which provides the substance 
for AD occurrence [50-54]. Patients with MFS 
show marked clinical heterogeneity, though  
its primary characteristics are having deve- 
lopment of cardiovascular, skeletal, and ocular 
organ systems manifestation [55, 56]. How- 
ever, aortic aneurysm and dissection are com-
mon life-threatening complications for patients 
with MFS [55]. Many mutations of multiple 
genes (e.g. ACTA2, COL3A1, EFEMP2, FBN1, 
FLNA, MYH11, MYLK, NOTCH1, SKI, SLC2A10, 
SMAD3, TGFB2, TGFBR1, and TGFBR2) were 
identified and related to AD in patients with 
inherited connective tissue disorders [57, 58]. 
Ample evidences demonstrated that mutati- 
ons in fibrillin-1 (FBN1) gene are prerequisite 
for MFS, and approximate 1800 different muta-
tions of this gene have been identified, and  
with most of them related to MFS [59, 60]. 
FBN1 contains 47 epidermal growth factor 
(EGF)-like domains in which cysteine substitu-
tions mutation are frequent causes of MFS, 
and the most typical one is FBN1 (C1663R) 
[61]. However, the transgene mice overexpress-
ing mutant FBN1 (C1663R) have no apparent 
clinical or histologic vascular phenotype despite 
high-level production of mutant protein up to 2 
years old [62]. The effect of mutant FBN1 may 
be nullified by endogenous FBN1. Fbn1C1039G/+ 
(a comparable missense mutation with human 
C1663R) heterozygous mice were produced via 
homologous recombination [62]. Though the 
Fbn1C1039G/+ mice showed a normal life span 
and did not die from AD, after 2 months of age, 

the aorta of the mice progressively deteriora-
tion within the medial layer, as evidenced by 
elastic fiber fragmentation, disarray of vascular 
smooth muscle cells, ectopic expression of 
MMP2 and MMP9 [62]. The aortic wall was also 
gradually thickening due to the excessive depo-
sition of amorphous matrix, including collagen 
and proteoglycans and the TGF-β-Smad2 sig-
nalling pathway activation may be responsible 
for extracellular matrix deposition [62]. More 
importantly, losartan, an angiotensin II type 1 
receptor blocker, prevented aortic aneurysm 
and partially rescued noncardiovascular mani-
festations of MFS in Fbn1C1039G/+ mice [63]. 
Caspase activity also enhanced in Fbn1C1039G/+ 
mice, which contributes to aortic wall remodel-
ling and early aortic aneurysm development 
[64]. Fbn1C1039G/+ mice did not suffer from AD in 
its lifetime, but aortic lesions related to AD 
were observed. Therefore, if the Fbn1C1039G/+ 
mice stimulated with precipitating factor (e.g. 
Ang II) at the indicated times, AD is likely to 
occur. In addition, scientists may develop AD 
animal model by generating other FBN1 muta-
tion knockin or overexpression animals.

Except for FBN1, the identified genes predis-
posing to AD encode proteins participate in the 
following biology processes: the extracellular 
matrix of the aortic wall (MFAP5), smooth mus-
cle cell contraction or metabolism (ACTA2, 
MYH11, MYLK, PRKG1, MAT2A) and canonical 
TGF-β signaling (TGFBR1, TGFBR2, TGFB2, 
SMAD3) [24, 65-72]. For example, TGFB2 muta-
tions p.Glu102* (frameshift mutation in exon 
6) and p.Cys229* (nonsense mutation in exon 
4) are predicted to cause haploinsufficiency  
for TGFB2, but TGF-β2 expression level was 
increased. These haploinsufficiency of TGFB2 
predispose to thoracic aortic aneurysms and 
acute Ads [70]. Two knockin mouse strains 
were generated with mutations in either Tgfbr1 
(M318R) or Tgfbr2 (G357W) and a transgenic 
mouse overexpressing mutant Tgfbr2. Their 
results showed that knockin and transgenic 
mice, with TGF-β signalling activation, recapitu-
lated the Loeys-Dietz syndrome phenotype, but 
not haploinsufficient mice [50]. After condition-
al inactivation of Tgfbr2 in smooth muscle cells 
of Fbn1C1039G/+ mice (MFS murine model), tho-
racic aorta rapidly thickened, dilated, and dis-
sected in these animals and MAPK signaling 
pathway activated but not canonical Smad sig-
naling decreased [73]. Further studies demon-
strated that loss of TGF-β signaling impairs  
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the contractile apparatus of vascular smooth 
muscle and elicits vascular cell proliferation, 
which indicates that Tgfbr2 disruption in post-
natal smooth muscle impairs aortic wall ho- 
meostasis [73]. Similarly, conditional deletion 
Tgfbr2 in smooth muscle cells of wild-type mice 
also caused severe aortopathy, including aorta 
hemorrhage, ulceration, dissection, dilation in 
young mice [74]. This report is consistent with 
the research that deletion of SMC Tgfbr2 caus- 
es aortic dissection in younger but not in older 
mice [73]. Therefore, these results suggested 
that it is should be careful to blockade TGF-β 
signaling in humans by drugs, which may cause 
aortic disease rather than preventing it.

Col3α1, which haploinsufficiency causes a 
complex phenotype with AD in human beings, 
encodes the α1 chain of type III collagen [75-
77]. Based on these findings, previous studies 
attempted to generate such a mouse model 
through gene-targeted ablation of Col3α1. The 
homozygous Col3α1 deletion animals having 
both bruising and AD, but only 10% of them  
survive to adulthood and rupture of the major 
blood vessels maybe responsible for the death 
of mutant mice, whereas the Col3α1 heterozy-
gous mice were not subject to death from arte-
rial rupture, which maybe the reasons for limit-
ed success in this mouse model [78, 79]. 
Col3α1+/Δ mice with 50% Col3α1 reduction, ca- 
used by a spontaneous 185 kb deletion, includ-
ing the promoter region and exons 1-39, of the 
Col3α1 gene, displayed spontaneous acute AD 
with rupture of the ascending or descending 
thoracic aorta in 28% of mice, but with no evi-
dence of aneurysm [79]. Though part of the 
Col3α1+/Δ heterozygous mice exhibited AD phe-
notype after age of 12 weeks, there is no  
spontaneous early vascular phenotype. In addi-
tion, spontaneous acute AD was not associated 
with elevated blood pressure and aneurysm 
formation, but might concern aberrant collagen 
fibrillogenesis within the aortic wall [79]. A 
recent research demonstrated that Ang II (1 
μg/kg/min) treatment significantly increased 
systolic blood pressure in Col3α1+/+ and 
Col3α1+/- haploinsufficient mice, which led to 
73% premature mortality rate in Col3α1+/- mice, 
but 36% in Col3α1+/+ mice caused by AD and 
rupture and associated with low aortic collagen 
fibrils content at the end of the 4-week period 
[80]. However, norepinephrine infusion (3.9 μg/
kg/min) could also induce systolic blood pres-

sure increase, but did not result in significant 
mortality in both groups [80]. These results 
indicated that Col3α1 haploinsufficient mark-
edly increased sensitivity to Ang II-induced pre-
maturely developed AD and rupture and associ-
ated high levels in blood pressure. Similarly, 
homozygous Col1α1 mutant mice (Col1α1Δ/Δ), 
lacked a large fraction of the first intron, are 
predisposed to dissection and rupture of the 
aorta during their adult life [81]. In particular, 
approximate 54% of Col1α1Δ/Δ mice were died 
with a large hematoma in aorta, which was 
associated with AD, during the 18-month ob- 
servation period [81]. However, AD was not 
detected in autopsies of heterozygous animals 
or their littermate controls [81]. Notably, similar 
to Col3α1+/Δ mice, high-resolution magnetic res- 
onance imaging (4.7 T) detection showed that 
Col1α1Δ/Δ mice developed dissection and rup-
ture of aorta in the absence of aneurysms [82]. 

Many other genes mutations were also associ-
ated with AD or other aortic diseases in human 
beings [46, 57, 58], and more other genes and 
mutations will be identified in the near future, 
but we currently did not produce a stable AD 
experimental model by introducing the same 
mutations of genes to the mice or other ani-
mals. Since mice with single mutation of one 
gene have limited AD prevalence [46, 80, 82], 
one gene with multiple mutations or polygenes 
mutation in the same mice maybe more suffi-
cient to induce AD. In addition, combination of 
genetic manipulation and drugs or chemicals 
(e.g. Ang II) stimulation might be an alternative 
way to effectively induce AD in animal.  

Open surgery or minimally invasive surgery 
induced experimental models

Iatrogenic and traumatic AD affect a small 
number of patients whose aorta wall might be 
well developed with no lesions. The intimal tear 
was caused by accident or inappropriate medi-
cal procedures; such as traffic accident or inva-
sive retrograde catheter interventions [83, 84]. 
Creating an AD model by surgery is an alterna-
tive way to reproduce the pathology of this kind 
of human AD. The dog AD model was estab-
lished via surgical splitting the aortic media 
layer to develop false lumen [85]. In detail, a 
left thoracotomy was performed to expose the 
descending aorta after the dog was anesthe-
tized. Then the intercostal branches of the 
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Table 1. The advantages and disadvantages of all types of AD models
Models of AD Incidence of AD (%) Advantages Disadvantages References
Drugs or chemicals induced 0.25% BAPN (4 weeks) 64.7-75% Reproducible Not suitable for genetic or trau-

matic induced AD
28, 30, 31

0.25% BAPN (4 weeks) + 1 μg/kg/min 
Ang II (1 day)

100% High efficiency and reproducible Not suitable for genetic or trau-
matic induced AD

32, 33

(0.5 M CaCl2 + 2 mg/kg/min Ang II) (2 
weeks) + 100 μg/kg/d GM-CSF (2 weeks)

70% Mimic AD results from inflammation Tedious process 34

1 mg/kg/min Ang II (4 weeks) 17-25% Good for study AD results from aneurysm ● Low efficiency
● Poor repeatability

44, 45

Genetically modified Depend on gene mutations Suitable for genetic induced AD (e.g. Marfan syn-
drome, Loeys-Dietz syndrome, and Ehlers-Danlos 
syndrome)

Low efficiency 57-82

Open surgery or minimally 
invasive surgery induced

73.3-78.6% ● Short cycle
● High reproducibility
● Suitable for the study of hemodynamics and 
stent graft placement after AD

● Only for type B AD
● Closer to traumatic AD but not 
than other type of AD
● Requires specialized equipment 
and condition

85-91

Ex vivo models 100% ● Useful in the study of AD haemodynamics and 
the impact of the primary entry tear locations on 
the patterns of dissection propagation
● Suitable for experiment of stent grafts designed 
for human aortas
● High reproducibility and short period
● Animal ethics and welfare not involved

● Only for type B AD
● Not suitable for the study of 
pathogenesis in AD
● Requires specialized equipment

92-99
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descending aorta were ligated at 4 cm distal  
to the ligamentum arteriosum. The aorta was 
opened transversely to 50% of its circumfer-
ence at 3 cm distal to the ligamentum arterio-
sum after cross clamped. Subsequently, the 
aortic media layer was split with a spatula to 
form a dissected false pocket. After closing  
the incision, the aortic cross clamps were 
removed to restore blood flow in the modified 
aorta. The results of post-operative aortogra-
phy showed evidence of AD (type-B) in all ani-
mals.[85] Most importantly, the dissection was 
obliterated after introducing a balloon-expand-
able intraluminal vascular graft in a dissected 
aorta [85]. The similar model was used to study 
the effectiveness of aorta fenestration on alle-
viating organ ischemia, and the results showed 
that blood pressure and flow to hypoperfused 
organs were restored after aortic fenestration 
in acute descending AD [86]. Another minor 
modified procedure was performed to generate 
AD model in pigs which then treated with radio-
frequency induction heating therapy [87]. The 
results indicated that radiofrequency induction 
heating in combination with a self-expanding 
Gianturco metallic stent has potential to treat 
acute AD if properly used [87]. A new AD model 
in beagle dog was reported, in which the initial 
dissection of aorta was created surgically, but 
the dissection was enlarged and propagated  
by injecting 0.05 mg/kg epinephrine via the 
peripheral vein to increase blood pressure and 
pressure gradient in beagle dogs [88]. The re- 
sults of digital subtraction angiography and 
computed tomography angiography indicated 
that 12 of 16 dogs successfully get AD [88]. 
Terai and his colleagues generated type B AD 
via surgically creating an entry for the aortic 
dissection just distal to the origin of the left 
innominate artery and the reentry was 5 cm 
distal to the entry point, then the dissection 
was achieved by injecting normal saline solu-
tion into the aortic wall between these two 
points [89]. All the dogs that survived had  
completely patent true and false lumina with-
out any thrombi, but about 20% of the dogs 
ended up dying during the perioperative period 
[89]. Another method in creating AD in swine 
via femoral or carotid invasive endovascular 
procedure was developed [90]. The initial sub-
intimal tear was made by using a Colapinto 
needle, and the dissections were extended to a 
predefined position in the aorta. In their study, 
only 11 of 15 swine were successfully devel-

oped AD, and the hemodynamics of the aorta 
did not change after single-balloon fenestra-
tion in this model [90]. The similar procedure 
was performed to create AD model via femoral 
artery by another research group, their results 
showed comparable AD incidence (78.6%) [91].

As aforementioned, surgically or invasively in- 
duced AD experimental models have its advan-
tages, such as short cycle, high reproducibility, 
and suitable for the study of hemodynamics 
and stent graft placement after AD (Table 1). In 
addition, these procedures were performed on 
swine and dog whose physical characteristics 
are closer to human beings in most previously  
published researches. However, there are also 
some disadvantages, only type B AD can be 
induced by surgical method in published data. 
Also, features of these models maybe closer to 
traumatic AD but not than other type of AD, as 
the aortic wall is integral with no medial degen-
eration, inflammation and elastic fibers frag-
mentation before artificialy creating intimal 
tear and dissection. Most importantly, invasive 
endovascular procedure requires specialized 
equipment and condition (Table 1).

Ex vivo models

Except for in vivo AD models, ex vivo AD models 
contributed to ascertain the pathological char-
acteristics of AD, especially fluid dynamics, and 
the impact of the location of the primary entry 
tear. The ex vivo AD models mimic the human 
circulatory system via an ex vivo circuit which 
common consists of an aorta with dissection, a 
pulsatile pump, pressure regulator, aortic con-
nectors, flow sensor and reservoir (Figure 3). 
Twenty nonaneurysmal fresh human aortas 
were obtained from 2 cm above the level of the 
aortic valve to just above the iliac bifurcation 
level [92]. The dissection was created by hemi-
circumferential aortotomy at 2 cm below the 
left subclavian artery level as aforementioned 
[85, 86]. The false lumen was developed by 
blunting separation free aortic wall media for 2 
cm distally. After being loosely fixed the intimal-
medial layer detached to the opposite aortic 
wall by a suture, the hemi-circumferential aor-
totomy was closed. The stitch was removed 
once the dissection was propagated. Subse- 
quently, the aorta with dissection was connect-
ed into the bench-top closed-system pulsatile 
flow model. The pump was activated and result-
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ed in a pulsatile flow (60 pulses/min, pressure 
of 150/80 mmHg) to monitor the propagation 
of the dissection [92]. Their results showed 
that extended dissection was achieved in all 
the aortas which indicated this human ex vivo 
model of type B AD is reproducible [92]. Notably, 
they found that the locations of the primary 
entry tear determine the patterns of dissection 
propagation [92]. The similar AD model was 
performed by Dziodzio and his colleagues in pig 
aorta, and they got the same conclusion [93]. 
To assess the feasibility of stent graft treat-
ment of ascending aortic dissections, Zimpfer 
at al. generated the AD model by using the 
entire thoracic aortic aorta including the supra-
aortic branches of adult pigs [94]. The aorta 
was mounted into the artificial circulatory cir-
cuit after an intimal tear was artificially created. 
The hydraulic motor piston pump worked with a 
pressure of 200/160 mmHg and constant flow 
rate (3.5 L/min) to mimic aortic flow and pres-
sure to propagate the dissection. After a dis-
section developed, a 2 × 2.6 cm covered stent 
graft was inserted through the brachiocephalic 
trunk using a specially designed delivery sys-
tem. Their results demonstrated that stent 
graft replacement could completely close the 
false lumen, which indicated that stent graft 
replacement is feasible for ascending AD [94]. 
The modified method was used to create dis-
section in bovine aorta [95]. Firstly, a tiny cir-
cumferential separation was surgically made in 
the aorta to penetrate between the media and 
the intima, and then the dissection was extend-

only, distal tear only) with tear sizes of 6.4 mm 
and 3.2 mm were studied and the results 
showed that tear size and location impacts 
false lumen pressure [96]. Recently, a new ex 
vivo AD model was developed by using silicone 
[97]. Firstly, they obtained clinical computed 
tomography images of human aorta and then 
segmented, and reconstructed to form three 
dimensional models in silico, which were sub-
sequently used as prototype molds for fabrica-
tion of silicone models. The silicone models 
were connected to a single closed loop filled 
with fluid to mimic human circulatory system 
[97]. 

Similar to surgically or invasively induced exper-
imental models, most ex vivo AD models are 
type B AD models. The ex vivo AD models may 
not be suitable for the study of pathogenesis  
in AD, but it’s useful in the study of AD haemo-
dynamics and the impact of the primary entry 
tear locations on the patterns of dissection 
propagation [98, 99]. In addition, it maybe also 
suitable for experiment of stent grafts designed 
for human aortas. The major advantage of  
this model is of high reproducibility, short peri-
od, and animal ethics and welfare cannot be 
ignored.

Conclusion and perspective

The in vivo and ex vivo experimental models  
of AD provide researchers with experimental 
models that replicate different features of 
human AD. No single experimental model is 

Figure 3. The schematic diagram of ex vivo aortic dissection model. The 
basic components of device for ex vivo model, including high pressure 
pump, pressure regulator, electromagnetic sluice gate, aorta with surgi-
cally induced dissection, and flow sensor and reservoir. 

ed by using a raspatorium. Their 
results demonstrated that a 
new inflatable balloon device 
could increase the adhesive 
effect of tissue glues and pre-
vent distal embolization of the 
glue [95].

Another modified model was 
created by designing and fabri-
cating an aluminum mold to cre-
ate a compliant dissection mo- 
del mimicking a chronic type B 
aortic dissection with hemi-cir-
cumference dissected [96]. The 
artificial aortic arch with dissec-
tion was connected into an ex 
vivo circuit to mimic the human 
circulatory system. Three differ-
ent dissection models (proximal 
and distal tear, proximal tear 
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sufficient for investigation of the pathogenesis 
and treatment of AD. Drugs and chemicals 
(especially Ang II and BAPN) induced experi-
mental models maybe the optimum models to 
mimic the pathological process of AD caused 
by medial degeneration, hypertension and in- 
flammation in human beings, while surgically  
or invasively induced experimental models are 
well suited for investigations of interventional 
or traumatic AD and developing treatment pre-
vention strategies. Genetically modified mod-
els are useful for elucidate the pathological 
features of AD result from inherited connective 
tissue disorders. The ex vivo models have ben-
efits in studying haemodynamics characteris-
tics of AD. Most importantly, the development 
and assessment of various novel therapies 
have relied on these traditional experimental 
models. 

Acknowledgements

We apologize to the colleagues whose work 
could not be cited in this review because of 
space constraints. We also thank Jackson Fer- 
dinand Masau, Rui Li and Xin Feng for providing 
professional writing suggestions. This work was 
supported by grants from the National Natural 
Science Foundation of China (NO. 81370201, 
NO. 81600188), National key Scientific Instru- 
ment Special Program of China (NO. 2013YQ- 
030923-0607) and the Fundamental Rese- 
arch Funds for the Central Universities (NO. 
2042016kf0074).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Xiang Wei, Division 
of Cardiothoracic and Vascular Surgery, Key Labor- 
atory of Organ Transplantation, Ministry of Educ- 
ation, Key Laboratory of Organ Transplantation, 
Ministry of Health, Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and Tech- 
nology, 1095 Jiefang Ave., Wuhan 430030, China. 
Tel: 86-27-8366-3394; Fax: 86-27-8366-3394; 
E-mail: xiangwei@tjh.tjmu.edu.cn

References

[1] Erbel R, Aboyans V, Boileau C, Bossone E, Bar-
tolomeo RD, Eggebrecht H, Evangelista A, Falk 
V, Frank H, Gaemperli O, Grabenwöger M, Hav-
erich A, Iung B, Manolis AJ, Meijboom F, Nien-

aber CA, Roffi M, Rousseau H, Sechtem U, 
Sirnes PA, Allmen RS, Vrints CJ; ESC Commit-
tee for Practice Guidelines. 2014 ESC guide-
lines on the diagnosis and treatment of aortic 
diseases: document covering acute and chron-
ic aortic diseases of the thoracic and abdomi-
nal aorta of the adult. The task force for the 
diagnosis and treatment of aortic diseases of 
the european society of cardiology (ESC). Eur 
Heart J 2014; 35: 2873-2926.

[2] LeMaire SA and Russell L. Epidemiology of tho-
racic aortic dissection. Nat Rev Cardiol 2011; 
8: 103-113.

[3] Golledge J and Eagle KA. Acute aortic dissec-
tion. Lancet 2008; 372: 55-66.

[4] Daily PO, Trueblood HW, Stinson EB, Wuerflein 
RD and Shumway NE. Management of acute 
aortic dissections. Ann Thorac Surg 1970; 10: 
237-247.

[5] Debakey ME, Henly WS, Cooley DA, Morris GC 
Jr, Crawford ES and Beall AC Jr. Surgical man-
agement of dissecting aneurysms of the aorta. 
J Thorac Cardiovasc Surg 1965; 49: 130-149.

[6] Howard DP, Banerjee A, Fairhead JF, Perkins J, 
Silver LE, Rothwell PM; Oxford Vascular Study. 
Population-based study of incidence and out-
come of acute aortic dissection and premorbid 
risk factor control: 10-year results from the  
oxford vascular study. Circulation 2013; 127: 
2031-2037.

[7] Clouse WD, Hallett JW Jr, Schaff HV, Spittell PC, 
Rowland CM, Ilstrup DM and Melton LJ 3rd. 
Acute aortic dissection: population-based inci-
dence compared with degenerative aortic an-
eurysm rupture. Mayo Clin Proc 2004; 79: 176-
180.

[8] Olsson C, Thelin S, Stahle E, Ekbom A and 
Granath F. Thoracic aortic aneurysm and dis-
section: increasing prevalence and improved 
outcomes reported in a nationwide population-
based study of more than 14,000 cases from 
1987 to 2002. Circulation 2006; 114: 2611-
2618.

[9] Hagan PG, Nienaber CA, Isselbacher EM, 
Bruckman D, Karavite DJ, Russman PL, Evan-
gelista A, Fattori R, Suzuki T, Oh JK, Moore AG, 
Malouf JF, Pape LA, Gaca C, Sechtem U, Len-
ferink S, Deutsch HJ, Diedrichs H, Marcos y 
Robles J, Llovet A, Gilon D, Das SK, Armstrong 
WF, Deeb GM and Eagle KA. The international 
registry of acute aortic dissection (IRAD): new 
insights into an old disease. JAMA 2000; 283: 
897-903.

[10] Pape LA, Tsai TT, Isselbacher EM, Oh JK, O’gara 
PT, Evangelista A, Fattori R, Meinhardt G, Tri-
marchi S, Bossone E, Suzuki T, Cooper JV, 
Froehlich JB, Nienaber CA, Eagle KA; Interna-
tional Registry of Acute Aortic Dissection 
(IRAD) Investigators. Aortic diameter > or = 5.5 

mailto:xiangwei@tjh.tjmu.edu.cn


Experimental models of aortic dissection

5136 Am J Transl Res 2016;8(12):5125-5140

cm is not a good predictor of type a aortic dis-
section: observations from the international 
registry of acute aortic dissection (IRAD). Circu-
lation 2007; 116: 1120-1127.

[11] Januzzi JL, Eagle KA, Cooper JV, Fang J, Sech-
tem U, Myrmel T, Evangelista A, Oh JK, Llovet A, 
O’Gara PT, Nienaber CA and Isselbacher EM. 
Acute aortic dissection presenting with con-
gestive heart failure: results from the interna-
tional registry of acute aortic dissection. J Am 
Coll Cardiol 2005; 46: 733-735.

[12] Bonnefoy E, Godon P, Kirkorian G, Chabaud S 
and Touboul P. Significance of serum troponin I 
elevation in patients with acute aortic dissec-
tion of the ascending aorta. Acta Cardiol 2005; 
60: 165-170.

[13] Gilon D, Mehta RH, Oh JK, Januzzi JL Jr, 
Bossone E, Cooper JV, Smith DE, Fang J, Nien-
aber CA, Eagle KA, Isselbacher EM; Interna-
tional Registry of Acute Aortic Dissection 
Group. Characteristics and in-hospital out-
comes of patients with cardiac tamponade 
complicating type a acute aortic dissection. 
Am J Cardiol 2009; 103: 1029-1031.

[14] Di Eusanio M, Trimarchi S, Patel HJ, Hutchison 
S, Suzuki T, Peterson MD, Di Bartolomeo R, 
Folesani G, Pyeritz RE, Braverman AC, Mont-
gomery DG, Isselbacher EM, Nienaber CA, Ea-
gle KA and Fattori R. Clinical presentation, 
management, and short-term outcome of  
patients with type a acute dissection compli-
cated by mesenteric malperfusion: observa-
tions from the international registry of acute 
aortic dissection. J Thorac Cardiovasc Surg 
2013; 145: 385-390, e381.

[15] Collins JS, Evangelista A, Nienaber CA, Bos- 
sone E, Fang J, Cooper JV, Smith DE, O’Gara 
PT, Myrmel T, Gilon D, Isselbacher EM, Penn M, 
Pape LA, Eagle KA, Mehta RH; International 
Registry of Acute Aortic Dissection (IRAD).  
Differences in clinical presentation, manage-
ment, and outcomes of acute type a aortic dis-
section in patients with and without previous 
cardiac surgery. Circulation 2004; 110: II237-
242.

[16] Suzuki T, Mehta RH, Ince H, Nagai R, Sakomu-
ra Y, Weber F, Sumiyoshi T, Bossone E, Trimar-
chi S, Cooper JV, Smith DE, Isselbacher EM, 
Eagle KA, Nienaber CA; International Registry 
of Aortic Dissection. Clinical profiles and out-
comes of acute type B aortic dissection in the 
current era: lessons from the international  
registry of aortic dissection (IRAD). Circulation 
2003; 108 Suppl 1: II312-317.

[17] Eagle KA, Isselbacher EM, DeSanctis RW; In-
ternational Registry for Aortic Dissection (IRAD) 
Investigators. Cocaine-related aortic dissec-
tion in perspective. Circulation 2002; 105: 
1529-1530.

[18] Januzzi JL, Isselbacher EM, Fattori R, Cooper 
JV, Smith DE, Fang J, Eagle KA, Mehta RH, Nie-
naber CA, Pape LA; International Registry of 
Aortic Dissection (IRAD). Characterizing the 
young patient with aortic dissection: results 
from the international registry of aortic dissec-
tion (IRAD). J Am Coll Cardiol 2004; 43: 665-
669.

[19] Moro H, Hayashi J and Sogawa M. Surgical 
management of the ruptured aortic arch. Ann 
Thorac Surg 1999; 67: 593-594.

[20] Nesi G, Anichini C, Tozzini S, Boddi V, Calamai 
G and Gori F. Pathology of the thoracic aorta: a 
morphologic review of 338 surgical specimens 
over a 7-year period. Cardiovasc Pathol 2009; 
18: 134-139.

[21] He R, Guo DC, Estrera AL, Safi HJ, Huynh TT, 
Yin Z, Cao SN, Lin J, Kurian T, Buja LM, Geng YJ 
and Milewicz DM. Characterization of the in-
flammatory and apoptotic cells in the aortas of 
patients with ascending thoracic aortic aneu-
rysms and dissections. J Thorac Cardiovasc 
Surg 2006; 131: 671-678.

[22] Tang PC, Yakimov AO, Teesdale MA, Coady MA, 
Dardik A, Elefteriades JA and Tellides G. Trans-
mural inflammation by interferon-gamma-pro-
ducing T cells correlates with outward vascular 
remodeling and intimal expansion of ascend-
ing thoracic aortic aneurysms. FASEB J 2005; 
19: 1528-1530.

[23] Milewicz DM, Guo DC, Tran-Fadulu V, Lafont 
AL, Papke CL, Inamoto S, Kwartler CS and  
Pannu H. Genetic basis of thoracic aortic an-
eurysms and dissections: focus on smooth 
muscle cell contractile dysfunction. Annu Rev 
Genomics Hum Genet 2008; 9: 283-302.

[24] Guo DC, Regalado ES, Gong L, Duan X, Santos-
Cortez RL, Arnaud P, Ren Z, Cai B, Hostetler 
EM, Moran R, Liang D, Estrera A, Safi HJ; Uni-
versity of Washington Center for Mendelian 
Genomics, Leal SM, Bamshad MJ, Shendure J, 
Nickerson DA, Jondeau G, Boileau C, Milewicz 
DM. LOX mutations predispose to thoracic aor-
tic aneurysms and dissections. Circ Res 2016; 
118: 928-934.

[25] Larson EW and Edwards WD. Risk factors for 
aortic dissection: a necropsy study of 161 cas-
es. Am J Cardiol 1984; 53: 849-855.

[26] Nakashima Y and Sueishi K. Alteration of elas-
tic architecture in the lathyritic rat aorta im-
plies the pathogenesis of aortic dissecting an-
eurysm. Am J Pathol 1992; 140: 959-969.

[27] Bruel A, Ortoft G and Oxlund H. Inhibition of 
cross-links in collagen is associated with re-
duced stiffness of the aorta in young rats. Ath-
erosclerosis 1998; 140: 135-145.

[28] Li JS, Li HY, Wang L, Zhang L and Jing ZP. Com-
parison of beta-aminopropionitrile-induced 
aortic dissection model in rats by different ad-



Experimental models of aortic dissection

5137 Am J Transl Res 2016;8(12):5125-5140

ministration and dosage. Vascular 2013; 21: 
287-292.

[29] Zhang L, Pei YF, Wang L, Liao MF, Lu QS, 
Zhuang YF, Zhang SM and Jing ZP. Dramatic 
decrease of aortic longitudinal elastic strength 
in a rat model of aortic dissection. Ann Vasc 
Surg 2012; 26: 996-1001.

[30] Jia LX, Zhang WM, Zhang HJ, Li TT, Wang YL, 
Qin YW, Gu H and Du J. Mechanical stretch-in-
duced endoplasmic reticulum stress, apopto-
sis and inflammation contribute to thoracic 
aortic aneurysm and dissection. J Pathol 
2015; 236: 373-383.

[31] Nagashima H, Uto K, Sakomura Y, Aoka Y, Sa-
kuta A, Aomi S, Hagiwara N, Kawana M and 
Kasanuki H. An angiotensin-converting en-
zyme inhibitor, not an angiotensin II type-1 re-
ceptor blocker, prevents β-aminopropionitrile 
monofumarate-induced aortic dissection in 
rats. J Vasc Surg 2002; 36: 818-823.

[32] Kurihara T, Shimizu-Hirota R, Shimoda M, Ada-
chi T, Shimizu H, Weiss SJ, Itoh H, Hori S, Aika-
wa N and Okada Y. Neutrophil-derived matrix 
metalloproteinase 9 triggers acute aortic dis-
section. Circulation 2012; 126: 3070-3080.

[33] Tieu BC, Lee C, Sun H, Lejeune W, Recinos A 
3rd, Ju X, Spratt H, Guo DC, Milewicz D, Tilton 
RG and Brasier AR. An adventitial IL-6/MCP1 
amplification loop accelerates macrophage-
mediated vascular inflammation leading to 
aortic dissection in mice. J Clin Invest 2009; 
119: 3637-3651.

[34] Son BK, Sawaki D, Tomida S, Fujita D, Aizawa 
K, Aoki H, Akishita M, Manabe I, Komuro I, 
Friedman SL, Nagai R and Suzuki T. Granulo-
cyte macrophage colony-stimulating factor is 
required for aortic dissection/intramural hae-
matoma. Nat Commun 2015; 6: 6994.

[35] Griendling KK. Novel NAD(P)H oxidases in the 
cardiovascular system. Heart 2004; 90: 491-
493.

[36] Fan LM, Douglas G, Bendall JK, McNeill E, 
Crabtree MJ, Hale AB, Mai A, Li JM, McAteer 
MA, Schneider JE, Choudhury RP and Channon 
KM. Endothelial cell-specific reactive oxygen 
species production increases susceptibility  
to aortic dissection. Circulation 2014; 129: 
2661-2672.

[37] Mukherjee D and Eagle KA. Aortic dissection-
-an update. Curr Probl Cardiol 2005; 30: 287-
325.

[38] Macura KJ, Corl FM, Fishman EK and Bluemke 
DA. Pathogenesis in acute aortic syndromes: 
aortic dissection, intramural hematoma, and 
penetrating atherosclerotic aortic ulcer. AJR 
Am J Roentgenol 2003; 181: 309-316.

[39] Coady MA, Rizzo JA and Elefteriades JA. Patho-
logic variants of thoracic aortic dissections. 
Penetrating atherosclerotic ulcers and intra-
mural hematomas. Cardiol Clin 1999; 17: 637-
657.

[40] von Kodolitsch Y, Aydin MA, Koschyk DH, Loose 
R, Schalwat I, Karck M, Cremer J, Haverich A, 
Berger J, Meinertz T and Nienaber CA. Predic-
tors of aneurysmal formation after surgical 
correction of aortic coarctation. J Am Coll Car-
diol 2002; 39: 617-624.

[41] Ward C. Clinical significance of the bicuspid 
aortic valve. Heart 2000; 83: 81-85.

[42] Stefanadis CI, Karayannacos PE, Boudoulas 
HK, Stratos CG, Vlachopoulos CV, Dontas IA 
and Toutouzas PK. Medial necrosis and acute 
alterations in aortic distensibility following re-
moval of the vasa vasorum of canine ascend-
ing aorta. Cardiovasc Res 1993; 27: 951-956.

[43] Saraff K, Babamusta F, Cassis LA and Daugh-
erty A. Aortic dissection precedes formation of 
aneurysms and atherosclerosis in angiotensin 
II-infused, apolipoprotein E-deficient mice. Ar-
terioscler Thromb Vasc Biol 2003; 23: 1621-
1626.

[44] Cao RY, Amand T, Ford MD, Piomelli U and 
Funk CD. The murine angiotensin II-induced 
abdominal aortic aneurysm model: rupture 
risk and inflammatory progression patterns. 
Front Pharmacol 2010; 1: 9.

[45] Trachet B, Piersigilli A, Fraga-Silva RA, Aslani-
dou L, Sordet-Dessimoz J, Astolfo A, Stampa-
noni MF, Segers P and Stergiopulos N. Ascend-
ing aortic aneurysm in angiotensin II-infused 
mice: formation, progression, and the role of 
focal dissections. Arterioscler Thromb Vasc 
Biol 2016; 36: 673-681.

[46] Bellini C, Wang S, Milewicz DM and Humphrey 
JD. Myh11(R247C/R247C) mutations increase 
thoracic aorta vulnerability to intramural dam-
age despite a general biomechanical adaptivi-
ty. J Biomech 2015; 48: 113-121.

[47] Fukuda M, Aoki T, Manabe T, Maekawa A, Shi-
rakawa T, Kataoka H, Takagi Y, Miyamoto S and 
Narumiya S. Exacerbation of intracranial aneu-
rysm and aortic dissection in hypertensive rat 
treated with the prostaglandin F-receptor an-
tagonist AS604872. J Pharmacol Sci 2014; 
126: 230-242.

[48] Laser A, Lu G, Ghosh A, Roelofs K, McEvoy B, 
DiMusto P, Bhamidipati CM, Su G, Zhao Y, Lau 
CL, Ailawadi G, Eliason JL, Henke PK and Up-
church GR Jr. Differential gender- and species-
specific formation of aneurysms using a novel 
method of inducing abdominal aortic aneu-
rysms. J Surg Res 2012; 178: 1038-1045.

[49] Xu Y, Treumann S, Rossbacher R, Schneider S 
and Boor PJ. Dissecting aortic aneurysm in-
duced by N-(2-aminoethyl) ethanolamine in 
rat: role of defective collagen during develop-
ment. Birth Defects Res A Clin Mol Teratol 
2014; 100: 924-933.

[50] Gallo EM, Loch DC, Habashi JP, Calderon JF, 
Chen Y, Bedja D, van Erp C, Gerber EE, Parker 
SJ, Sauls K, Judge DP, Cooke SK, Lindsay ME, 
Rouf R, Myers L, ap Rhys CM, Kent KC, Norris 



Experimental models of aortic dissection

5138 Am J Transl Res 2016;8(12):5125-5140

RA, Huso DL and Dietz HC. Angiotensin II-de-
pendent TGF-beta signaling contributes to Lo-
eys-Dietz syndrome vascular pathogenesis. J 
Clin Invest 2014; 124: 448-460.

[51] Disabella E, Grasso M, Gambarin FI, Narula N, 
Dore R, Favalli V, Serio A, Antoniazzi E, Mosconi 
M, Pasotti M, Odero A and Arbustini E. Risk of 
dissection in thoracic aneurysms associated 
with mutations of smooth muscle alpha-actin 
2 (ACTA2). Heart 2011; 97: 321-326.

[52] Ha JS and Kim YH. A sporadic case of loeys-di-
etz syndrome type I with two novel mutations 
of the TGFBR2 gene. Korean J Pediatr 2011; 
54: 272-275.

[53] Breckpot J, Budts W, De Zegher F, Vermeesch 
JR and Devriendt K. Duplication of the TGFBR1 
gene causes features of loeys-dietz syndrome. 
Eur J Med Genet 2010; 53: 408-410.

[54] Disabella E, Grasso M, Marziliano N, Ansaldi S, 
Lucchelli C, Porcu E, Tagliani M, Pilotto A, Di-
egoli M, Lanzarini L, Malattia C, Pelliccia A, Fic-
cadenti A, Gabrielli O and Arbustini E. Two 
novel and one known mutation of the TGFBR2 
gene in marfan syndrome not associated with 
FBN1 gene defects. Eur J Hum Genet 2006; 
14: 34-38.

[55] Merk DR, Chin JT, Dake BA, Maegdefessel L, 
Miller MO, Kimura N, Tsao PS, Iosef C, Berry 
GJ, Mohr FW, Spin JM, Alvira CM, Robbins RC 
and fischbein MP. miR-29b participates in ear-
ly aneurysm development in Marfan syndrome. 
Circ Res 2012; 110: 312-324.

[56] Singleton AC, Mitchell AL, Byers PH, Potter KA 
and Pace JM. Bovine model of marfan syn-
drome results from an amino acid change 
(c.3598 G >A, p.E1200K) in a calcium-binding 
epidermal growth factor-like domain of fibril-
lin-1. Hum Mutat 2005; 25: 348-352.

[57] Ziganshin BA, Bailey AE, Coons C, Dykas D, 
Charilaou P, Tanriverdi LH, Liu L, Tranquilli M, 
Bale AE and Elefteriades JA. Routine genetic 
testing for thoracic aortic aneurysm and dis-
section in a clinical setting. Ann Thorac Surg 
2015; 100: 1604-1611.

[58] Proost D, Vandeweyer G, Meester JA, Salemink 
S, Kempers M, Ingram C, Peeters N, Saenen J, 
Vrints C, Lacro RV, Roden D, Wuyts W, Dietz HC, 
Mortier G, Loeys BL and Van Laer L. Perfor-
mant mutation identification using targeted 
next-generation sequencing of 14 thoracic aor-
tic aneurysm genes. Hum Mutat 2015; 36: 
808-814.

[59] Zeyer KA and Reinhardt DP. Engineered muta-
tions in fibrillin-1 leading to Marfan syndrome 
act at the protein, cellular and organismal lev-
els. Mutat Res Rev Mutat Res 2015; 765: 
7-18.

[60] Collod-Beroud G, Le Bourdelles S, Ades L, Ala-
Kokko L, Booms P, Boxer M, Child A, Comeglio 
P, De Paepe A, Hyland JC, Holman K, Kaitila I, 

Loeys B, Matyas G, Nuytinck L, Peltonen L, 
Rantamaki T, Robinson P, Steinmann B, Junien 
C, Beroud C and Boileau C. Update of the UMD-
FBN1 mutation database and creation of an 
FBN1 polymorphism database. Hum Mutat 
2003; 22: 199-208.

[61] Schrijver I, Liu W, Brenn T, Furthmayr H and 
Francke U. Cysteine substitutions in epidermal 
growth factor-like domains of fibrillin-1: distinct 
effects on biochemical and clinical pheno-
types. Am J Hum Genet 1999; 65: 1007-1020.

[62] Judge DP, Biery NJ, Keene DR, Geubtner J, My-
ers L, Huso DL, Sakai LY and Dietz HC. Evi-
dence for a critical contribution of haploinsuf-
ficiency in the complex pathogenesis of Marfan 
syndrome. J Clin Invest 2004; 114: 172-181.

[63] Habashi JP, Judge DP, Holm TM, Cohn RD, Lo-
eys BL, Cooper TK, Myers L, Klein EC, Liu G, 
Calvi C, Podowski M, Neptune ER, Halushka 
MK, Bedja D, Gabrielson K, Rifkin DB, Carta L, 
Ramirez F, Huso DL and Dietz HC. Losartan, an 
AT1 antagonist, prevents aortic aneurysm in a 
mouse model of marfan syndrome. Science 
2006; 312: 117-121.

[64] Emrich FC, Okamura H, Dalal AR, Penov K, 
Merk DR, Raaz U, Hennigs JK, Chin JT, Miller 
MO, Pedroza AJ, Craig JK, Koyano TK, Blanken-
berg FG, Connolly AJ, Mohr FW, Alvira CM, 
Rabinovitch M and Fischbein MP. Enhanced 
caspase activity contributes to aortic wall re-
modeling and early aneurysm development in 
a murine model of marfan syndrome. Arterio-
scler Thromb Vasc Biol 2015; 35: 146-154.

[65] Mizuguchi T, Collod-Beroud G, Akiyama T, Abif-
adel M, Harada N, Morisaki T, Allard D, Varret 
M, Claustres M, Morisaki H, Ihara M, Kinoshita 
A, Yoshiura K, Junien C, Kajii T, Jondeau G, 
Ohta T, Kishino T, Furukawa Y, Nakamura Y, 
Niikawa N, Boileau C and Matsumoto N. Het-
erozygous TGFBR2 mutations in marfan syn-
drome. Nat Genet 2004; 36: 855-860.

[66] Pannu H, Fadulu VT, Chang J, Lafont A, Hash-
am SN, Sparks E, Giampietro PF, Zaleski C, Es-
trera AL, Safi HJ, Shete S, Willing MC, Raman 
CS and Milewicz DM. Mutations in transform-
ing growth factor-beta receptor type II cause 
familial thoracic aortic aneurysms and dissec-
tions. Circulation 2005; 112: 513-520.

[67] Zhu L, Vranckx R, Khau Van Kien P, Lalande A, 
Boisset N, Mathieu F, Wegman M, Glancy L, 
Gasc JM, Brunotte F, Bruneval P, Wolf JE, Mi-
chel JB and Jeunemaitre X. Mutations in myo-
sin heavy chain 11 cause a syndrome associ-
ating thoracic aortic aneurysm/aortic dissec- 
tion and patent ductus arteriosus. Nat Genet 
2006; 38: 343-349.

[68] Guo DC, Pannu H, Tran-Fadulu V, Papke CL, Yu 
RK, Avidan N, Bourgeois S, Estrera AL, Safi HJ, 
Sparks E, Amor D, Ades L, McConnell V, Wil-
loughby CE, Abuelo D, Willing M, Lewis RA, Kim 



Experimental models of aortic dissection

5139 Am J Transl Res 2016;8(12):5125-5140

DH, Scherer S, Tung PP, Ahn C, Buja LM, Ra-
man CS, Shete SS and Milewicz DM. Mutations 
in smooth muscle alpha-actin (ACTA2) lead  
to thoracic aortic aneurysms and dissections. 
Nat Genet 2007; 39: 1488-1493.

[69] Wang L, Guo DC, Cao J, Gong L, Kamm KE, Re-
galado E, Li L, Shete S, He WQ, Zhu MS, Offer-
manns S, Gilchrist D, Elefteriades J, Stull JT 
and Milewicz DM. Mutations in myosin light 
chain kinase cause familial aortic dissections. 
Am J Hum Genet 2010; 87: 701-707.

[70] Boileau C, Guo DC, Hanna N, Regalado ES, De-
taint D, Gong L, Varret M, Prakash SK, Li AH, 
d’Indy H, Braverman AC, Grandchamp B, 
Kwartler CS, Gouya L, Santos-Cortez RL, Abif-
adel M, Leal SM, Muti C, Shendure J, Gross 
MS, Rieder MJ, Vahanian A, Nickerson DA, Mi-
chel JB; National Heart, Lung, and Blood Insti-
tute (NHLBI) Go Exome Sequencing Project, 
Jondeau G, Milewicz DM. TGFB2 mutations 
cause familial thoracic aortic aneurysms and 
dissections associated with mild systemic fea-
tures of marfan syndrome. Nat Genet 2012; 
44: 916-921.

[71] Guo DC, Regalado E, Casteel DE, Santos-Cor-
tez RL, Gong L, Kim JJ, Dyack S, Horne SG, 
Chang G, Jondeau G, Boileau C, Coselli JS, Li Z, 
Leal SM, Shendure J, Rieder MJ, Bamshad MJ, 
Nickerson DA; GenTAC Registry Consortium; 
National Heart, Lung, and Blood Institute 
Grand Opportunity Exome Sequencing Project, 
Kim C, Milewicz DM. Recurrent gain-of-func-
tion mutation in PRKG1 causes thoracic aortic 
aneurysms and acute aortic dissections. Am J 
Hum Genet 2013; 93: 398-404.

[72] Wischmeijer A, Van Laer L, Tortora G, Bolar NA, 
Van Camp G, Fransen E, Peeters N, di Bartolo-
meo R, Pacini D, Gargiulo G, Turci S, Bonvicini 
M, Mariucci E, Lovato L, Brusori S, Ritelli M, 
Colombi M, Garavelli L, Seri M and Loeys BL. 
Thoracic aortic aneurysm in infancy in aneu-
rysms-osteoarthritis syndrome due to a novel 
SMAD3 mutation: further delineation of the 
phenotype. Am J Med Genet A 2013; 161A: 
1028-1035.

[73] Li W, Li Q, Jiao Y, Qin L, Ali R, Zhou J, Ferruzzi J, 
Kim RW, Geirsson A, Dietz HC, Offermanns S, 
Humphrey JD and Tellides G. Tgfbr2 disruption 
in postnatal smooth muscle impairs aortic  
wall homeostasis. J Clin Invest 2014; 124: 
755-767.

[74] Hu JH, Wei H, Jaffe M, Airhart N, Du L, Angelov 
SN, Yan J, Allen JK, Kang I, Wight TN, Fox K, 
Smith A, Enstrom R and Dichek DA. Postnatal 
deletion of the type II transforming growth  
factor-beta receptor in smooth muscle cells 
causes severe aortopathy in mice. Arterioscler 
Thromb Vasc Biol 2015; 35: 2647-2656.

[75] Pope FM, Martin GR, Lichtenstein JR, Penttin-
en R, Gerson B, Rowe DW and McKusick VA. 

Patients with ehlers-danlos syndrome type IV 
lack type III collagen. Proc Natl Acad Sci U S A 
1975; 72: 1314-1316.

[76] Superti-Furga A, Gugler E, Gitzelmann R and 
Steinmann B. Ehlers-danlos syndrome type IV: 
a multi-exon deletion in one of the two COL3A1 
alleles affecting structure, stability, and pro-
cessing of type III procollagen. J Biol Chem 
1988; 263: 6226-6232.

[77] Meienberg J, Rohrbach M, Neuenschwander S, 
Spanaus K, Giunta C, Alonso S, Arnold E, Heng-
geler C, Regenass S, Patrignani A, Azzarello-
Burri S, Steiner B, Nygren AO, Carrel T, Stein-
mann B and Matyas G. Hemizygous deletion of 
COL3A1, COL5A2, and MSTN causes a com-
plex phenotype with aortic dissection: a lesson 
for and from true haploinsufficiency. Eur J Hum 
Genet 2010; 18: 1315-1321.

[78] Liu X, Wu H, Byrne M, Krane S and Jaenisch R. 
Type III collagen is crucial for collagen I fibrillo-
genesis and for normal cardiovascular devel-
opment. Proc Natl Acad Sci U S A 1997; 94: 
1852-1856.

[79] Smith LB, Hadoke PW, Dyer E, Denvir MA, 
Brownstein D, Miller E, Nelson N, Wells S, 
Cheeseman M and Greenfield A. Haploinsuffi-
ciency of the murine Col3a1 locus causes aor-
tic dissection: a novel model of the vascular 
type of ehlers-danlos syndrome. Cardiovasc 
Res 2011; 90: 182-190.

[80] Faugeroux J, Nematalla H, Li W, Clement M, 
Robidel E, Frank M, Curis E, Ait-Oufella H, Ca-
ligiuri G, Nicoletti A, Hagege A, Messas E, Bru-
neval P, Jeunemaitre X and Bergaya S. Angio-
tensin II promotes thoracic aortic dissections 
and ruptures in Col3a1 haploinsufficient mice. 
Hypertension 2013; 62: 203-208.

[81] Rahkonen O, Su M, Hakovirta H, Koskivirta I, 
Hormuzdi SG, Vuorio E, Bornstein P and Pent-
tinen R. Mice with a deletion in the first intron 
of the Col1a1 gene develop age-dependent 
aortic dissection and rupture. Circ Res 2004; 
94: 83-90.

[82] Marjamaa J, Tulamo R, Abo-Ramadan U, Hako-
virta H, Frosen J, Rahkonen O, Niemela M, 
Bornstein P, Penttinen R and Kangasniemi M. 
Mice with a deletion in the first intron of the 
Col1a1 gene develop dissection and rupture of 
aorta in the absence of aneurysms: high-reso-
lution magnetic resonance imaging, at 4.7 T, of 
the aorta and cerebral arteries. Magn Reson 
Med 2006; 55: 592-597.

[83] Von Kodolitsch Y, Simic O, Schwartz A, Dresler 
C, Loose R, Staudt M, Ostermeyer J, Haverich A 
and Nienaber CA. Predictors of proximal aortic 
dissection at the time of aortic valve replace-
ment. Circulation 1999; 100: II287-294.

[84] Januzzi JL, Sabatine MS, Eagle KA, Evangelista 
A, Bruckman D, Fattori R, Oh JK, Moore AG, 
Sechtem U, Llovet A, Gilon D, Pape L, O’Gara 



Experimental models of aortic dissection

5140 Am J Transl Res 2016;8(12):5125-5140

PT, Mehta R, Cooper JV, Hagan PG, Armstrong 
WF, Deeb GM, Suzuki T, Nienaber CA, Issel-
bacher EM; International Registry of Aortic Dis-
section Investigators. Iatrogenic aortic dissec-
tion. Am J Cardiol 2002; 89: 623-626.

[85] Marty-Ané CH, SerreCousiné O, Laborde JC, 
Costes V, Mary H and Senac JP. Use of a bal-
loon-expandable intravascular graft in the 
management of type B aortic dissection in an 
animal model. J Vasc Interv Radiol 1995; 6: 
97-103.

[86] Morales DL, Quin JA, Braxton JH, Hammond 
GL, Gusberg RJ and Elefteriades JA. Experi-
mental confirmation of effectiveness of fenes-
tration in acute aortic dissection. Ann Thorac 
Surg 1998; 66: 1679-1683.

[87] Fujii H, Sawada S, Tanigawa N, Ito E and Imam-
ura H. Radiofrequency induction heating for 
the treatment of aortic dissection in an animal 
model. J Cardiovasc Surg (Torino) 2000; 41: 
743-752.

[88] Wang LX, Wang YQ, Guo DQ, Jiang JH, Zhang J, 
Cui JS and Fu WG. An experimental model of 
Stanford type B aortic dissection with intrave-
nous epinephrine injection. Kaohsiung J Med 
Sci 2013; 29: 194-199.

[89] Terai H, Tamura N, Yuasa S, Nakamura T, Shi-
mizu Y and Komeda M. An experimental model 
of Stanford type B aortic dissection. J Vasc In-
terv Radiol 2005; 16: 515-519.

[90] Razavi MK, Nishimura E, Slonim S, Zeigler W, 
Kee S, Witherall HL, Semba CP and Dake MD. 
Percutaneous creation of acute type-B aortic 
dissection: an experimental model for endolu-
minal therapy. J Vasc Interv Radiol 1998; 9: 
626-632.

[91] Okuno T, Yamaguchi M, Okada T, Takahashi T, 
Sakamoto N, Ueshima E, Sugimura K and Sug-
imoto K. Endovascular creation of aortic dis-
section in a swine model with technical consid-
erations. J Vasc Surg 2012; 55: 1410-1418.

[92] Faure EM, Canaud L, Cathala P, Serres I, Mar-
ty-Ane C and Alric P. Human ex-vivo model of 
Stanford type B aortic dissection. J Vasc Surg 
2014; 60: 767-775.

[93] Dziodzio T, Juraszek A, Reineke D, Jenni H, Zer-
matten E, Zimpfer D, Stoiber M, Scheikl V, Schi-
ma H, Grimm M and Czerny M. Experimental 
acute type B aortic dissection: different sites 
of primary entry tears cause different ways of 
propagation. Ann Thorac Surg 2011; 91: 724-
727.

[94] Zimpfer D, Schima H, Czerny M, Kasimir MT, 
Sandner S, Seebacher G, Losert U, Simon P, 
Grimm M, Wolner E and Ehrlich M. Experimen-
tal stent-graft treatment of ascending aortic 
dissection. Ann Thorac Surg 2008; 85: 470-
473.

[95] Colak N, Nazli Y, Alpay MF, Akkaya IO, Aksoy 
ON, Akgedik S and Cakir O. Effectiveness of a 
new inflatable balloon device for gluing dis-
sected layers in an experimental model of aor-
tic dissection. Exp Clin Cardiol 2013; 18: 166-
168.

[96] Tsai TT, Schlicht MS, Khanafer K, Bull JL, Valas-
sis DT, Williams DM, Berguer R and Eagle KA. 
Tear size and location impacts false lumen 
pressure in an ex vivo model of chronic type B 
aortic dissection. J Vasc Surg 2008; 47: 844-
851.

[97] Birjiniuk J, Ruddy JM, Iffrig E, Henry TS, Lesh-
nower BG, Oshinski JN, Ku DN and Veeraswa-
my RK. Development and testing of a silicone 
in vitro model of descending aortic dissection. 
J Surg Res 2015; 198: 502-507.

[98] Qing KX, Chan YC, Lau SF, Yiu WK, Ting AC and 
Cheng SW. Ex-vivo haemodynamic models for 
the study of stanford type B aortic dissection in 
isolated porcine aorta. Eur J Vasc Endovasc 
Surg 2012; 44: 399-405.

[99] Williams DM, LePage MA and Lee DY. The dis-
sected aorta: part I. Early anatomic changes in 
an in vitro model. Radiology 1997; 203: 23-31.


