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Establishment of a New Abdominal Aortic Aneurysm Model in Rats by a Retroperitoneal Approach
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Background: Constructing an ideal model of abdominal aortic aneurysm (AAA) is of great significance to elucidate its complex pathogenesis. Therefore, we introduce a new and simple method to simulate human AAA and construct a rat AAA model through a retroperitoneal approach.

Methods: Forty healthy adult Sprague Dawley (SD) rats were randomly divided into a control group, elastase + calcium chloride group (PPE+CaCl2), elastase group (PPE), and elastase + beta aminopropionitrile group (PPE+BAPN) according to a male-female ratio of 1:1, with 10 rats in each group. A retroperitoneal approach was used to free the infrarenal abdominal aorta in all four groups. In the PPE + CaCl2 group, 0.1 ml of elastase (approximately 5 U) was perfused into the arterial cavity for 20 min, and 1.0 mol/L calcium chloride was infiltrated out of the arterial cavity for 10 min. In the PPE group, 0.1 mL of elastase (approximately 5U) was perfused into the arterial cavity for 20 min, and normal saline was infiltrated out of arterial cavity for 10 min; the PPE + BAPN group combined with 0.3% BAPN drinking water/day on the basis of PPE group; the control group was treated with saline instead of elastase and calcium chloride. Abdominal aortic specimens were collected after 4 weeks of feeding. The diagnostic criteria of AAA were 50% dilation of the abdominal aorta or rupture of the aneurysm at 4 weeks after the operation. Histopathology, immunohistochemistry, quantitative PCR (qPCR), western blotting assay, gelatine zymogram, and other methods were used.

Results: The operation time of the four groups was controlled at approximately 40 min, and the success rate of the operation was 100%. Survival rate: Control Group (100%) = PPE Group (100%) > PPE + CaCl2 Group (90%) > PPE + BAPN Group (40%); Aneurysm formation rate: PPE + BAPN Group (100%) > PPE + CaCl2 Group (80%) > PPE Group (60%) > Control Group (0%); Aneurysm rupture rate: PPE + BAPN group (60%) > PPE + CaCl2 group (12.5%) > PPE group (0%);Inflammatory cells (macrophages, T cells, B cells, dendritic cells) infiltrated in different degrees in the PPE + CaCl2, PPE and PPE + BAPN groups. Vascular thickness, elastic fiber content, collagen fiber content, and vascular smooth muscle cell content in the PPE + CaCl2 group and PPE + BNPA group were significantly lower than those in Control group (P < 0.05). The content of elastic fibers and vascular smooth muscle cells in the PPE group were significantly lower than that in Control group (P < 0.05). The expression and activity of matrix metalloproteinase 2 (MMP2) and MMP9 in the PPE + CaCl2 group, PPE group, and PPE + BNPA group were significantly higher than those in the control group (P < 0.05).

Conclusions: A new, simple, and reproducible rat AAA model can be constructed by a retroperitoneal approach. The pathological features of the three models are effective simulation of human AAA inflammatory cell infiltration, protease activity enhancement, and extracellular matrix destruction. The PPE+ CaCl2 model has the advantages of a high survival rate, high aneurysm formation rate, good stability, and reproducibility. It is an ideal animal model for studying the pathogenesis of AAA. The PPE + BAPN model can simulate the characteristics of spontaneous rupture of aneurysms. It is an ideal animal model to study the mechanism of AAA rupture.
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BACKGROUND

Abdominal aortic aneurysm (AAA) is one of the most challenging cardiovascular diseases and usually has no symptoms but has the risk of spontaneous dilation and rupture. Once the aneurysm ruptures, the mortality rate is as high as 80% (1). Because of its potential lethality, AAA has always been a research hotspot. At present, the occurrence and development mechanism of AAA remains unclear. Therefore, it is of great significance to construct an ideal aneurysm model for studying the pathogenesis of AAA. A large number of studies have confirmed that the mixed chemical model based on high-pressure intra-arterial perfusion of elastase can better simulate the characteristics of inflammatory cell infiltration, endogenous protease activation, extracellular matrix degradation, smooth muscle cell apoptosis, and thrombosis, which is an ideal modeling method (2, 3). Unfortunately, this kind of modeling method is performed through an intraperitoneal approach, which destroys the integrity of the peritoneal cavity and loses extra body fluids and heat, which increases the chance of postoperative low-temperature reaction and abdominal infection (4). It is necessary to separate the peritoneum and retroperitoneum during the operation to prolong the operation time and increase the difficulty of the operation (5). The intestinal tract needs to be pulled during the operation, which is easily complicated by intestinal obstruction and increases postoperative complications (2). There are high mortality rates during the operation due to long-term and high-pressure perfusion and high disability rates due to lower limb ischemia after the operation (6). The difficulty of modeling, low success rate of operation, and high mortality during and after operation limit the wide application of this kind of model. However, the retroperitoneal approach can directly reach the abdominal aorta, avoiding the risk caused by the transabdominal approach. The retroperitoneal approach can be performed in the lateral position through a lumbar incision or prone position through a back incision. Therefore, in this study, a retroperitoneal approach was used to simplify the operation. At the same time, the models of elastase combined with calcium chloride, single elastase, and elastase combined with beta aminopropionitrile were compared, and it was expected to build a new rat AAA model with a high success rate, high aneurysm formation rate, low mortality rate, strong anthropomorphism, and replicability.



METHODS


Rats and Ethics Statement

Forty healthy adult SD rats were purchased from the Laboratory Animal Center of North Sichuan Medical College. The experiments involving animals were approved by the Animal Care and Use Ethical Committee of General North Sichuan Medical College and complied with the Guide for the Care and Use of Laboratory Animals approved by the National Institutes of Health.



Experimental Grouping

Forty rats were randomly divided into the control group, elastase + calcium chloride group (PPE + CaCl2), elastase group (PPE), and elastase + beta aminopropionitrile group (PPE + BAPN) according to a male-female ratio of 1:1, with 10 rats in each group. All the rats were fed for 4 weeks after the operation, and abdominal aorta specimens were collected by laparotomy 4 weeks after the operation.



Establishment of Animal Model


PPE Model

① The rats were fasted 12 h before the operation and anesthetized with pentobarbital sodium at 40–50 mg/kg. The right lateral position was taken after anesthesia. Conventional skin preparation, disinfection, and towel laying occurred. The line from the costal edge of the left posterior axillary line to the thigh root was taken as an incision, with a length of approximately 3–3.5 cm. After cutting the skin, subcutaneous tissue, internal oblique muscles, external oblique muscles, and transverse abdominal fascia layer by layer, retroperitoneal adipose tissue was observed. The potential gap between the peritoneum and lumbar dorsal muscles could be found along the adipose tissue. Separating this gap with cotton swabs allowed us to reach the abdominal aorta directly. The abdominal aorta and inferior vena cava were separated carefully, and the 1 cm main abdominal aorta was dissociated below the left kidney. The diameter of the abdominal aorta under the kidney was measured with a Vernier caliper and recorded. The average value was measured by two experimenters.

② The abdominal aortic branch of the perfusion segment was fully freed and ligated with mousse thread. The surgical field of vision was fully exposed with a mastoid distractor. First, the proximal end of the abdominal aorta was blocked with a microvascular clamp, then the blood in the perfusion section was squeezed to the distal end with a microvascular clamp, and the distal end of the abdominal aorta was blocked with a microvascular clamp (the distance between the two vascular clamps should be greater than 0.5 cm). The blood vessels collapsed completely, indicating that the blood vessels were well sealed. Then, 0.2 mL of elastase (approximately 10 U) was extracted with a disposable insulin syringe (1 mL 30G). The syringe needle was bent slightly with vascular forceps to make it slightly “L” shaped, and then used to puncture the abdominal aorta. After successful puncture, 0.1 mL of elastase (approximately 5 U) was slowly injected to fully fill the abdominal aorta in the perfusion segment. The puncture needle was fixed and maintained for 20 min. During this period, if there was little extravasation of elastase, it was supplemented in time to keep the abdominal aorta in a full filling state at all times. After the operation, the medicine was drawn in the blood tube, the needle was pulled out, the puncture point was covered with a gelatine sponge, and the tube was pressurized with a cotton ball. The distal vascular clip was removed first, followed by the proximal vascular clip. After observation for several minutes, no active bleeding was found. A small gauze soaked in normal saline was applied to the surface of the abdominal aorta in the perfusion section, and the small gauze was removed after 10 min. The retroperitoneal space was cleaned, checked for bleeding, and the incision closed layer by layer. After the operation, the rats were raised in a single cage and fed routinely (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic diagram of establishing animal model of abdominal aortic aneurysm in rats through retroperitoneal approach.




PPE + CaCl2 Model

On the basis of the PPE model, the normal saline small gauze was replaced with a 1.0 mol/L sterile calcium chloride small gauze.



PPE + BAPN Model

Combined with 0.3% BAPN drinking water/day on the basis of the PPE model, the success rate, survival rate, aneurysm formation rate, and aneurysm rupture rate were calculated. Success rate of operation = number of rats surviving intraoperatively/total number of rats × 100%; Survival rate = number of surviving rats during and after operation/total number of rats × 100%; Aneurysm formation rate = number of rats meeting aneurysm standard/total number of rats surviving the operation × 100%; Aneurysm rupture rate = number of aneurysm ruptured rats/total number rats with aneurysms × 100%; Abdominal aortic dilatation rate = (abdominal aortic diameter 4 weeks after operation-abdominal aortic diameter before perfusion)/abdominal aortic diameter before perfusion × 100%, and abdominal aortic dilatation rate over 50% or aneurysm rupture 4 weeks after operation was taken as the standard for diagnosis of AAA (7).




Hematoxylin and Eosin, Masson, Verhoeff's Van Gieson (EVG) Staining, and Immunohistochemical Detection

Paraffin-embedded 5-μm-thick sections were stained with hematoxylin and eosin (HE) for general histology. Masson staining and Verhoeff's Van Gieson (EVG) staining were used to evaluate the integrity of collagen fibers and elastic fibers of the abdominal aorta, respectively. To detect the target protein expression, primary antibodies against CD3 (1:1000; Proteintech), CD20 (1:100; Invitrogen), CD68 (1:1000; Proteintech), OX-62 (1:500; BD), and smooth muscle actin (SMA) (1:3000; Proteintech) were used. Each section was randomly selected from five visual fields under high power to count cells or measure the area of positive areas, with PBS as the negative control.



Fluorescence Quantitative PCR (QPCR) Assay

The total RNA of the perfused abdominal aorta in each group was extracted according to the instructions of the TRIzol kit (Takara), and cDNA was synthesized by reverse transcription according to the instructions of the reverse transcription kit (Takara). The primer sequences are shown in Table 1. PCR conditions: the first step: predenaturation at 95°C 30 s for one cycle, PCR at 95°C 5 s → 60°C 30 s for 40 cycles, the second step: dissolution curve at 95°C 6 s → 65°C 5 s → 95°C 30 s for one cycle. Using β-Actin and GAPDH as reference genes, the relative expression level of target genes was calculated by extended ΔCt-method.


Table 1. Primer sequences for quantitative PCR (qPCR).
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Western Blotting Assay

The aortic tissues were homogenized, and total protein was extracted. To detect the target protein expression, primary antibodies against matrix metalloproteinase 2 (MMP2) (1:1000 Proteintech), MMP9 (1:500 Proteintech), and GAPDH (1:20000 Proteintech) were used. After the images were collected by a Bio–Rad imaging system, the density of the gray value was analyzed by ImageJ, and the relative protein expression levels of MMP2 and MMP9 in the perfused abdominal aorta were calculated with GAPDH as the internal reference.



Gelatine Zymogram

The activities of MMP-2 and MMP-9 in rat abdominal aortae were detected by a MMP Zymography Assay Kit (Applygen). The kit instructions were followed.



Statistical Analysis

Statistical Product and Service Solutions (SPSS) 21 statistical analysis software was used to analyze the data. The measurement data were expressed by M (P25, P75). The Mann–Whitney test was used to compare the measurement data between the two groups, and the Kruskal–Wallis H test was used to compare the measurement data between multiple groups. The x2 test or Fisher's exact probability method was used for counting data. If P was < 0.05, the difference was statistically significant. ImageJ and Image-Pro Plus 6.0 software were used for image analysis and blood vessel parameter measurement.




RESULTS


Success Rate of Operation and Survival Rate of Animals

The operation time of the four groups was controlled at approximately 40 min, and the success rate of the operation was 100%. There were no deaths during or after the operation in the control group and PPE group, and the survival rate was 100%. In the PPE + CaCl2 group, there were no deaths during the operation, and one rat died on the 7th day after the operation. The cause of death was aneurysm rupture and hemorrhage, and the survival rate was 90%. In the PPE + BAPN group, there were no deaths during the operation; one rat died on the 3rd, 10th, 21st, and 22nd days after the operation, and two rats died on the 26th day after the operation. The cause of death was rupture and hemorrhage of the aneurysm, and the survival rate was 40%.



Dilatation Degree of the Abdominal Aorta, Aneurysm Formation Rate, and Aneurysm Rupture Rate

There was no significant difference in the diameter of the abdominal aorta before perfusion among the control group, PPE + CaCl2 group, PPE group, and PPE + BAPN group (p > 0.05). At 4 weeks after the operation, the diameter and dilatation rate of the perfusion abdominal aorta in the PPE group, PEE + CaCl2 group, and PPE + BNPA group were significantly larger than those in the control group (P < 0.05), but there was no significant difference among the other groups (P > 0.05). No aneurysm was found in the control group, and the aneurysm formation rate was 0%. In the PPE group, there were 6 aneurysms (4 males and 2 females, aneurysm formation rate = 60%), and there was no aneurysm rupture, the aneurysm rupture rate was 0%. In the PPE + CaCl2 group, 8 aneurysms were formed (5 males and 3 females, aneurysm formation rate = 80%), and one of the aneurysms ruptured; the rupture rate of aneurysms was 12.5%. In the PPE + BAPN group, 10 aneurysms were formed (5 males and 5 females, aneurysm formation rate = 100%), and six of the aneurysms ruptured, the rupture rate of aneurysms was 60% (Table 2, Figure 2).


Table 2. Diameter of abdominal aorta of rats in each group.
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FIGURE 2. Dilatation degree and aneurysm appearance of the abdominal aorta in rats. (A) There was no dilation of abdominal aorta in perfusion segment in Control group, (B) PPE + CaCl2 group perfusion segment abdominal aortic saccular aneurysm local, (C) The fusiform aneurysm of abdominal aorta was perfused in PEE group, (D) In the PPE + BNPA group, the rupture of early aneurysm was in the anterior wall; (E) In the PPE + BNPA group, the rupture of late aneurysm was in the posterior wall.




Morphological and Histological Changes in the Abdominal Aorta in the Perfusion Segment

The abdominal aortic aneurysms in the PPE group and PPE + BAPN group were mostly fusiform. All AAAs in the PPE + CaCl2 group were cystic. There were obvious adhesions around the abdominal aorta in the perfusion segment, and local calcifications could be seen. Microscopically, the vascular wall became thinner, the extracellular matrix of the media was degraded, some dissections and thrombosis were formed, the elastic fibers lost continuity, some were broken and missing, the smooth muscle cells decreased, and the inflammatory cells of the media and adventitia infiltrated. The control group did not have the above phenomenon. Compared with control group, the content of elastic fibers and smooth muscle cells in PPE + CaCl2, PPE, and PPE + BAPN groups decreased significantly (P < 0.05), the thickness of blood vessels and the content of collagen fibers in PPE + CaCl2 and PPE + BAPN groups decreased significantly (P < 0.05), but there was no significant difference in the thickness of blood vessels and the content of collagen fibers in PPE group (P > 0.05) (Table 3, Figure 3).


Table 3. Comparison of vascular thickness, elastic fiber content, collagen fiber content, and smooth muscle cell content in the abdominal aorta of rats in each group.
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FIGURE 3. Histopathological changes of abdominal aortas in rats. (A) Representative pictures of HE staining in each group; (B) Representative pictures of EVG staining in each group; (C) Representative pictures of Masson staining in each group; (D) Representative pictures of SMA-IHC staining in each group. ⋆: Indicates thrombosis; ▴: Indicates interlayer; ▾: Indicates elastic fibre; ♦: Indicates collagen fibre; •: Indicates smooth muscle cells.




Immunohistochemical Analysis of Inflammatory Cells in the Abdominal Aortic Wall

There was no significant infiltration of inflammatory cells in the control group, but T cells, B cells, macrophages, and dendritic cells infiltrated to different degrees in the other three groups. The number of inflammatory cells in the PPE + CaCl2 group was as follows: B cells > T cells > macrophages > dendritic cells. The number of inflammatory cells in the PPE group and PPE + BAPN group was as follows: T cells > B cells > macrophages > dendritic cells. The number of T cells, B cells, macrophages, and dendritic cells in the PPE + BNPA group and PPE + CaCl2 group was significantly higher than those in PPE group (P < 0.05), but there was no significant difference in other groups (P > 0.05) (Figure 4).


[image: Figure 4]
FIGURE 4. Infiltration of inflammatory cells in the abdominal aorta wall of rats. (A–D) Representative pictures of immunohistochemical (IHC) staining of CD68, CD20, CD3, and OX-62 cells; (E) CD68, CD20, CD3, and OX-62 cell count analysis. *: P < 0.05, **: P < 0.01 compared with the PPE group; n = 10.




Expression and Activity of MMP2 and MMP9 in the Abdominal Aorta Wall

Compared with the control group, the expression of MMP2 and MMP9 mRNA and protein in the PPE + CaCl2 group, PPE group, and PPE + BAPN group increased significantly (P < 0.05), and the activity of MMP2 and MMP9 increased significantly (P < 0.05). Compared with the PPE group, the expression of MMP2 mRNA and protein in the PPE + BAPN group increased significantly (P < 0.05), and the activity of MMP2 increased significantly (P < 0.05). There was no significant difference in MMP2 mRNA, protein expression, or MMP2 activity among the other groups (P > 0.05). There was no significant difference in MMP9 mRNA or protein expression or MMP9 activity among the PPE + CaCl2 group, PPE group, and PPE + BAPN group (P > 0.05) (Figure 5).


[image: Figure 5]
FIGURE 5. Expression and activity of MMP2 and MMP9 in the abdominal aorta wall of rats. (A) Typical Western blot analysis of MMP9 and MMP2 protein expression in each group; (B) Typical zymogram analysis of MMP9 and MMP2 protein activities in each group; (C) Quantitative analysis of relative expression of MMP2 and MMP9mRNA, n = 6; (D) Quantitative analysis of relative expression of MMP2 and MMP9 protein, n = 4; *: P < 0.05, **: P < 0.01 compared with the PPE group; #: P < 0.05, ##: P < 0.01 compared with the control group.





DISCUSSIONS

At present, the pathogenesis of AAA is not clear. Constructing a simple and reliable animal model of AAA provides a theoretical and practical basis for studying the pathogenesis and treatment of AAA. The animal models of AAA can be divided into three categories: physical, chemical, and gene induction methods, among which the chemical induction (angiotensin II, elastase, calcium chloride, beta aminopropionitrile) models are mainly used to study the pathogenesis (8).

The pressurized perfusion of elastase established by Anidjar et al. (6) is one of the most commonly used chemical modeling methods at present and simulates the degradation process of extracellular matrix elastase during the formation of AAA. Although a large number of reports prove the feasibility of this method, this method still has many shortcomings. This method adopts an abdominal approach. The operation is complicated, the integrity of the peritoneal cavity is destroyed, and the body fluids and heat are lost, which increases the risk of postoperative hypothermia reaction and abdominal infection. The intestinal tract should be pulled during the operation, which easily causes intestinal obstruction and injury to abdominal organs. The peritoneum and retroperitoneum should be separated to prolong the operation time and increase the risk of death. For a long time (30 min-2 h), high pressure (>100 mmHg) and high dose (12 U) of elastase perfusion led to an intraoperative and postoperative mortality rate of 40% (6, 9–11). In this study, the surgical path and some details were improved on the basis of the classical elastase model. ① The retroperitoneal approach is a common surgical method in urology (12). Because the abdominal aorta and kidney are adjacent to each other and belong to extraperitoneal organs, it is possible to construct a rat model of infrarenal AAA through a retroperitoneal approach. The advantage of the retroperitoneal approach is that it can reach the abdominal aorta directly. There was no interference from internal organs, and the operation was relatively simple. It can avoid the risk caused by the intraperitoneal approach and significantly improve the success rate of the operation. However, there are the following limitations: (a) The retroperitoneal space is an unnatural space and lacks body surface markers. Therefore, it is more difficult to find the surgical entrance than traditional abdominal surgery. (b) The retroperitoneal space is narrow, which limits visual field exposure and operating space, and is difficult to completely free and expose the entire segment of the abdominal aorta. ② It is not necessary to completely free and expose the whole infrarenal abdominal aorta and ensure that the perfusion abdominal aorta is larger than 0.5 cm. Regardless of which approach is adopted, the excessive free and exposed blood vessels will increase the side injury and lead to massive hemorrhage, or local tissue and spinal cord ischemia due to ligation of too many branches and lumbar arteries, which will increase the risk of death in rats. ③ Classical elastase perfusion needs to maintain a perfusion pressure of 100 mmHg or higher by hydraulic or micropump syringe, but it is difficult to accurately reach and maintain the same pressure. Excessive pressure can cause elastase to enter the circulation and lead to the death of rats (10, 13, 14). After perfusion, it is necessary to ligate the punctured iliac artery or femoral artery, which is prone to unilateral limb ischemia and necrosis, and the disability rate is high (2, 6). Although there are reports that the puncture site is changed to the abdominal aorta, after perfusion, the absorbable vascular sutures are replaced to repair the puncture site of the abdominal aorta and restore the original anatomical structure of the abdominal aorta (15). This method requires microsurgical technology, which is difficult to operate, and the operator needs a certain vascular surgical foundation, which limits its wide application. The pressurized perfusion was not used in this study because there is no external mechanical pressure in the formation of human AAA (2). It is only necessary to slowly inject elastase into the abdominal aorta of the perfusion section to keep it full. The selected puncture needle was an insulin needle (30G), which causes minimal damage to blood vessels. After perfusion, local compression can stop bleeding. The success rate of operation is significantly improved, and the model is more in line with the formation process of human AAA. This method is simple and easy to use, without the help of microsurgical techniques and expensive instruments such as micropumps and is easy to popularize. ④ The dosage of elastase was reduced (5 U), and an excessive dosage of elastase easily led to the death of rats (14). ⑤ The perfusion time was shortened (20 min). The classical elastase perfusion time is 2 h. Too long of a time to block the abdominal aorta easily forms thrombi, and a long-term concentration of blood above the blocking site easily leads to brain oedema and lower limb ischemia, with high mortality (16). Sinha et al. (17) shortened the perfusion time to 30 min and successfully established AAA, which significantly reduced the occurrence of brain oedema and mortality, but there remained a certain proportion of lower limb ischemia incidence. In this study, the perfusion time was shortened to 20 min, and no lower limb ischemia occurred.

This study confirmed that it is feasible to construct a rat elastase model through a retroperitoneal approach. However, the aneurysm formation rate is only 60%, which is related to the perfusion of elastase at only 0.1 mL (5 U). To further improve the aneurysm formation rate, we should consider moderately increasing the perfusion amount and concentration of elastase and prolonging the perfusion time, but these changes may lead to an increase in mortality. In this study, to avoid affecting the survival rate while further increasing the rate of aneurysm formation, two methods of adding calcium chloride and beta aminopropionitrile to elastase perfusion were investigated separately. Calcium chloride (18) induced the inflammatory reaction of the arterial wall, while beta aminopropionitrile (19) inhibited the cross-linking process of collagen and elastin to construct an AAA animal model. Using these two methods alone has the disadvantage of a low aneurysm formation rate. Therefore, in this study, two chemical induction methods were combined to construct an AAA animal model to improve the rate of aneurysm formation. In this study, in the elastase combined with calcium chloride group, the success rate of the operation was 100%, the survival rate was 90%, the total aneurysm formation rate was 80%, the male aneurysm formation rate was 100%, and the female aneurysm formation rate was 60%. Consistent with the epidemiological investigation of human AAA, the incidence rate of males was higher than that of females (20). The model has good stability and is suitable for studying the pathogenesis of AAA. In the elastase combined with beta aminopropionitrile group, although the formation rate of aneurysms was 100%, the rupture rate of aneurysms was as high as 60%. The model has poor stability and is suitable for the study of dynamic AAA fracture mechanisms. There is also an angiotensin II (21) model that can simulate the unique characteristic atherosclerosis phenomenon of human beings, but it needs to use gene knockout mice, which has limited sources, strict requirements on animal feeding and reproduction conditions, and certain restrictions on experimental research. Therefore, this study did not use angiotensin II for discussion.

In addition, the present study compared the morphology and pathology of the three models. The aneurysms in the Elastase Group and Elastase Combined with beta aminopropionitrile Group were mainly spindle-shaped, which was consistent with most AAAs found in human pathology. The aneurysms in the elastase and calcium chloride groups were all saccular. The synergistic effect of elastase and calcium chloride stimulates the inflammatory reaction and elastolytic cascade reaction of the abdominal aorta wall. The aneurysms in the three models were characterized by disordered arterial wall structure, thinning of the media, serious degradation of elastic fibers, loss of continuity or even disappearance, reduction of nucleated smooth muscle cells in the media, and dissection with mural thrombosis in some of the aneurysms. Inflammatory cells (macrophages, dendritic cells, T cells, and B cells) infiltrated to different degrees in both media and adventitia, especially T and B cells. However, the classical elastase model is dominated by macrophage infiltration (22, 23). This difference occurs because the time nodes observed are different. Macrophages mediate the innate immune response, which occurs immediately in the early stage of disease. T and B cells mediate the adaptive immune response, which occurs relatively late but runs through the disease all the time. The time node observed in this study is the 4th week, which is the late model, while the time node observed in the classical elastase model is the 1st week and the 2nd week, which is the early model. The infiltration of inflammatory cells in the elastase combined with calcium chloride group and elastase combined with beta aminopropionitrile group was greater than that in the elastase group. Inflammatory cells are the main source of MMPs in the arterial wall, and MMP2 and MMP9 are important proteases that degrade the extracellular matrix of arterioles, which are the main causes of AAA (24). The results of this study also confirmed that the expression and activity of MMP2 and MMP9 were significantly increased in the three groups of aneurysms. It is worth mentioning that the expression and activity of MMP2 in the elastase combined with beta aminopropionitrile group (aneurysm rupture group) were significantly higher than those in the elastase group (no aneurysm rupture group), and the content of elastic and collagen fibers decreased most significantly in the three groups of models. The existing studies have shown that MMP2 degrades both elastic and collagen fibers, and the degradation of elastic fibers is associated with aneurysm dilation, while the degradation of collagen fibers is associated with aneurysm rupture (25). It can be concluded that MMP2 may play an important role in aneurysm rupture. This result is consistent with the research results of Lu et al. (26) and Sean et al. (27) believed that the increased activity of MMP9 was closely related to aneurysm rupture. The reasons for the different conclusions may be the different methods adopted by researchers, the different observation time nodes, and the great individual differences of the specimens taken.



CONCLUSIONS

Through the change of surgical approach and the improvement of intraoperative details, the mortality of experimental animals was obviously reduced, and the survival rate was improved. In this study, the elastase combined with calcium chloride model and the elastase combined with beta aminopropionitrile model were similar to human AAA in histomorphology, inflammatory cell infiltration, and vascular matrix destruction. Elastase combined with calcium chloride has the advantages of a high survival rate, high tumorigenic rate, good stability, and reproducibility. It is an ideal animal model for studying the pathogenesis of AAA. Elastase combined with a beta aminopropionitrile model can simulate the characteristics of spontaneous rupture of aneurysms. It is an ideal animal model to study the mechanism of AAA rupture.
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