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Even though diabetes mellitus is a major risk for cardiovascular events and atherosclerosisrelated diseases, it is negatively associated with abdominal aortic aneurysm (AAA). The understanding of the mechanisms underlying this negative association could bring new insights to identify prognostic and therapeutic targets. Here we summarize the current knowledge on the relationship between glycemic parameters and clinical outcomes of

Introduction

Diabetes mellitus is characterized by an impairment of glucose homeostasis leading to chronic hyperglycemia. While diabetes is an established cardiovascular risk factor, it is paradoxically negatively associated with both thoracic and abdominal aortic aneurysm. A pooled analysis of 10 studies demonstrated a negative association between diabetes and TAA (OR: 0.77, 95% CI 0.61-0.98, p=0.03) [START_REF] Wee | The association between diabetes and thoracic aortic aneurysms[END_REF] . Another pooled meta-analysis demonstrated a reduced rate of AAA in diabetic patients compared with non-diabetics (OR: 0.65, 95% CI 0.6-0.7, p<0.001) [START_REF] Shantikumar | Diabetes and the abdominal aortic aneurysm[END_REF] . Diabetic patients have a lower prevalence and incidence of AAA. In addition, they develop smaller AAA, have a lower growth rate of AAA and are less prone to rupture (for review [START_REF] Raffort | Diabetes and aortic aneurysm: current state of the art[END_REF] ). Diabetes can impact on several processes relevant for aortic aneurysm development such as extracellular matrix (ECM) remodeling, inflammatory response, vascular smooth muscle homeostasis, neoangiogenesis and intraluminal thrombus formation [START_REF] Raffort | Diabetes and aortic aneurysm: current state of the art[END_REF] . Nevertheless, the mechanisms underlying the negative association between diabetes and aortic aneurysm are complex and are not completely understood. A better understanding of the link between glucose metabolism and aortic aneurysm would help to identify new prognostic or therapeutic targets for patients. Here, we summarize current knowledge and recent advances on the understanding of glucose metabolism in abdominal aortic aneurysm (AAA). Besides, we discuss translational applications of glucose homeostasis-targeted approaches in this context, and their potential impact on clinical practice.

Link between glycemic parameters and AAA

Glycemic parameters are associated with AAA formation and progression

Blood glucose concentration is tightly regulated by two main pancreatic hormones (insulin and glucagon) which are secreted depending on food intake and have opposite effects. An inverse correlation was observed between fasting blood glucose concentration and AAA diameter (coefficient correlation: -0.0064, p=0.0024) [START_REF] Le | Negative association between infra-renal aortic diameter and glycaemia: the Health in Men Study[END_REF] . A negative correlation was also observed between fructosamine concentration, which reflects long-term glucose concentration, and AAA size (coefficient correlation: -0.54, p<0.001) [START_REF] Lareyre | Association of abdominal aortic aneurysm diameter with insulin resistance index[END_REF] . At last, the level of glycated hemoglobin A1c (HbA1c) was inversely associated with AAA growth rate (coefficient correlation: -0.177, p=0.002) [START_REF] Kristensen | Glycated Hemoglobin Is Associated With the Growth Rate of Abdominal Aortic Aneurysms: A Substudy From the VIVA (Viborg Vascular) Randomized Screening Trial[END_REF] . Taken together, these results suggest that hyperglycemia may have a protective effect on AAA formation. Hyperglycemia impacts on several pathways involved in AAA development including extracellular matrix remodeling, metalloproteinase activity and inflammatory response [START_REF] Raffort | Diabetes and aortic aneurysm: current state of the art[END_REF] . In addition, chronic hyperglycemia leads to the formation of advanced glycation end products (AGEs) which have a complex impact on the aortic wall. Several studies have pointed to a protective role of AGEs on ECM remodeling through an effect on protein structures [START_REF] Koole | A potential role for glycated cross-links in abdominal aortic aneurysm disease[END_REF][START_REF] Golledge | Reduced expansion rate of abdominal aortic aneurysms in patients with diabetes may be related to aberrant monocyte-matrix interactions[END_REF] , whereas induction of signaling pathways such as receptor for advanced glycation end products (RAGE) may have a pathogenic effect and promote AAA development [START_REF] Zhang | Anti-receptor for advanced glycation end products therapies as novel treatment for abdominal aortic aneurysm[END_REF][START_REF] Hofmann Bowman | S100A12 mediates aortic wall remodeling and aortic aneurysm[END_REF] . Type 2 diabetes, which accounts for 90% of diabetic patients is characterized by insulin resistance of peripheral tissues associated with defects in insulin secretion. Intriguingly, while the link between glycemia and AAA has been well studied, the relationship between insulin resistance and AAA has been so far scarcely investigated. A first study reported a positive correlation between C-peptide, which reflects endogenous insulin secretion, and AAA diameter in type 2 diabetic patients (coefficient correlation: 0.093, p=0.034) [START_REF] Taimour | Aortic diameter at age 65 in men with newly diagnosed type 2 diabetes[END_REF] . Other investigators observed that C-peptide, insulin concentration and insulin resistance index were significantly higher in patients with large AAA (> 50 mm) compared to patients with smaller AAA (< 50 mm) (Insulin Resistance index according to the Homeostasis Model Assessment 2: 1.72 vs 1.26, p=0.028) [START_REF] Lareyre | Association of abdominal aortic aneurysm diameter with insulin resistance index[END_REF] . These results suggest that insulin resistance may potentially play a pathogenic role in AAA. Epidemiological studies revealed that treatment with insulin sensitizers including biguanides (metformin) and thiazolidinediones was associated with a lower risk of developing AAA [START_REF] Hsu | Association between use of oral-antidiabetic drugs and the risk of aortic aneurysm: a nested case-control analysis[END_REF][START_REF] Fujimura | Metformin treatment status and abdominal aortic aneurysm disease progression[END_REF] , which corroborates this hypothesis. Besides, experimental studies on animal models also demonstrated the protective effect of these drugs on AAA formation and progression [START_REF] Fujimura | Metformin treatment status and abdominal aortic aneurysm disease progression[END_REF][START_REF] Jones | Rosiglitazone reduces the development and rupture of experimental aortic aneurysms[END_REF] .

So far, only a few studies have investigated the link between hormones involved in glucose regulation (such as insulin and glucagon) and AAA. The understanding of the protective effect of diabetes on AAA is challenging given the complex effect of hyperglycemia, glycated proteins and hormones involved in glucose homeostasis. This field is still in its infancy and further research in this area may bring new insights in the understanding of AAA pathophysiology and could lead to the identification of new prognostic or therapeutic approaches.

Glycemic parameters impact on clinical outcomes after AAA repair

Glycemic parameters can not only impact on AAA development, but also on its surgical treatment. Several studies have addressed the impact of pre-operative glycemic status on post-operative surgical outcomes. Even if heterogeneous results were reported in the literature [START_REF] Raffort | Diabetes and aortic aneurysm: current state of the art[END_REF] , several reports pointed to an increased operative mortality and morbidity in diabetic patients compared to non-diabetics [START_REF] De Rango | Diabetes and abdominal aortic aneurysms[END_REF][START_REF] Leurs | Influence of diabetes mellitus on the endovascular treatment of abdominal aortic aneurysms[END_REF][START_REF] Hughes | Diabetes mellitus is not associated with major morbidity following open abdominal aortic aneurysm repair[END_REF][START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] . Diabetic patients often have pre-operative cardiovascular and renal comorbidities [START_REF] Hughes | Diabetes mellitus is not associated with major morbidity following open abdominal aortic aneurysm repair[END_REF] and the increased early post-operative mortality may be, at least partly, due to a higher frequency of cardiac complications [START_REF] Leurs | Influence of diabetes mellitus on the endovascular treatment of abdominal aortic aneurysms[END_REF] . Long-term blood glucose concentration, reflected by HbA1c concentration, has been identified as a predictive factor of mortality after AAA repair [START_REF] Hjellestad | Abdominal aortic aneurysms--glycaemic status and mortality[END_REF] . At last, a study reported an increased preoperative concentration of lower extremity weakness after multibranched endovascular repair of pararenal or thoraco-abdominal aortic aneurysms [START_REF] Hiramoto | Lower extremity weakness is associated with elevated blood and cerebrospinal fluid glucose levels following multibranched endovascular aortic aneurysm repair[END_REF] . Taken together, these results suggest that glycemic parameters could be useful as prognostic markers in patients undergoing AAA repair. While most of the studies published so far investigated the impact of pre-operative glycemic parameters on post-operative outcomes, a study recently explored the association between post-operative hyperglycemia and outcomes after open or endovascular repair of a non-ruptured AAA [START_REF] Tarbunou | Outcomes associated with hyperglycemia after abdominal aortic aneurysm repair[END_REF] . Interestingly, post-operative hyperglycemia affected approximately 1 to 6 patients (16.5%) and this was associated with a higher in-hospital mortality and higher acute complications rates [START_REF] Tarbunou | Outcomes associated with hyperglycemia after abdominal aortic aneurysm repair[END_REF] . These results are corroborated by another study which included patients who underwent a vascular surgery procedure (carotid endarterectomy or stenting, endovascular or open aortic aneurysm repair as well as open bypass revascularization procedures). A higher 30-day mortality was observed in patients who had peri-operative hyperglycemia compared with those who did not (5.7% vs 0.7%, P<0.01) [START_REF] Long | Poor glycemic control is a strong predictor of postoperative morbidity and mortality in patients undergoing vascular surgery[END_REF] . Post-operative hyperglycemia was less frequent among patients who had endovascular repair compared with those who underwent open procedure (9.9% vs 26.2%, p< 0.0001). It is suggested that minimally invasive procedure may have caused less metabolic stress and less alterations on post-operative glucose concentration. Whether pre-operative and post-operative hyperglycemia play a pathogenic role or whether they represent predictive marker of postoperative outcomes remain to be determined. It is possible that hyperglycemia identifies a patient population at risk for post-operative complications and it remains to be investigated if this risk could be modified. Nevertheless, the above studies highlight the real need to systematically detect abnormal glucose concentration before and after the intervention to early detect hyperglycemia and provide appropriate treatments.

AAA repair may impact on glucose homeostasis

Glucose homeostasis influences AAA post-operative outcomes but AAA repair itself may impact on glucose metabolism. To address this question, some investigators used microdialysis catheters in the pectoral and calf region in patients undergoing endovascular stent grafts or open aortic surgery [START_REF] Metzsch | Regional tissue metabolism during open or endovascular abdominal aortic aneurysm surgery[END_REF] . They found that glucose levels increased both in the pectoral and calf regions over time, and were significantly higher in patients who had open repair compared to those who had endovascular repair, suggesting that the surgical technique may differentially impact on local glucose environment [START_REF] Metzsch | Regional tissue metabolism during open or endovascular abdominal aortic aneurysm surgery[END_REF] .

Clinical applications based on glucose metabolism

Glucose metabolism as potential prognostic tool

Several studies aimed at investigating the impact of glucose metabolism on AAA development in a non-diabetic context. The expression of glucose transporters (GLUT) in the aneurysmal wall was investigated. In human AAA biopsies, zymographic metalloproteinase-9 (MMP9) abundance was associated with the magnitude of GLUT3 expression [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] . GLUT3 was specifically localized in macrophages, whereas GLUT1 was localized in macrophages and exuded red blood cells found in the aneurysmal wall [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] . Similar results were shown in animal models of AAA, where increased MMP9 activity was associated with increased expression of GLUT1 and GLUT3. GLUT1 was widely distributed, but GLUT3 was specifically found in macrophages [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] . These results suggest that glucose metabolism is increased in patients with AAA and is related to MMP9 activity. Imaging tools have been developed based on the use of glucose tracers. [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-fluorodeoxyglucose ( 18 F-FDG) is a glucose analogue, which is transported through the cell membrane to the cytosol thanks to glucose transporter activity, and is rapidly metabolized to FDG-6-phosphate, which accumulates in the cell due to its inability to pass along the glycolytic pathway. Combined with PET-CT, [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-FDG is a useful marker of cell metabolic activity. As increased [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-FDG uptake at PET-CT was associated with the magnitude of protein expression for GLUT-1 and GLUT3, the latter may represent the most important isoforms for FDG uptake in AAA [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] . [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-FDG uptake has been proposed as a marker of active AAA development as several studies demonstrated a correlation between [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-FDG uptake, wall stress, wall instability and inflammation [START_REF] Huang | High Structural Stress and Presence of Intraluminal Thrombus Predict Abdominal Aortic Aneurysm 18F-FDG Uptake: Insights From Biomechanics[END_REF] . Nevertheless, its indication for clinical practice is still not completely defined. Indeed, while some studies reported a positive correlation between [START_REF] Huang | Effect of diabetes on long-term mortality following abdominal aortic aneurysm repair: A systemic review and metaanalysis[END_REF] F-FDG uptake and AAA growth suggesting a potential prognostic interest of PET-CT, others failed to reproduce that finding [START_REF] Jalalzadeh | Inflammation as a Predictor of Abdominal Aortic Aneurysm Growth and Rupture: A Systematic Review of Imaging Biomarkers[END_REF] . In addition, the prevalence of positive findings at FDG-PET imaging of asymptomatic AAA with a size close to surgical indication is low because of a marked reduction in cell density [START_REF] Marini | Direct relationship between cell density and FDG uptake in asymptomatic aortic aneurysm close to surgical threshold: an in vivo and in vitro study[END_REF] . This could represent a limit for the potential use of PET-CT to assess the risk of expansion and growth of AAA. Increased 18 F-FDG uptake was also observed in carotid arteries and non-dilated sites of the aorta in patients with AAA compared to controls, indicating that glucose metabolism is enhanced all along the vascular tree [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] .

Glucose metabolism as potential therapeutic target -Antidiabetic drugs

While diabetes appears to be a protective factor against AAA development, epidemiological studies have intriguingly identified a negative association between the use of antidiabetic drugs including insulin sensitizers such as biguanides or thiazolidinediones and drugs stimulating insulin secretion such as sulfonylureas and AAA development [START_REF] Hsu | Association between use of oral-antidiabetic drugs and the risk of aortic aneurysm: a nested case-control analysis[END_REF] . Experimental studies on animal models have demonstrated the protective effects of many antidiabetic drugs including biguanides, thiazolidinediones as well as drugs with incretin effects such as Glucagon-Like-Peptide-1 (GLP-1) receptor agonists or Dipeptidyl peptidase 4 (DPP-IV) inhibitors (for review [START_REF] Raffort | Diabetes and aortic aneurysm: current state of the art[END_REF][START_REF] Raffort | Glucagon-Like peptide-1: A new therapeutic target to treat abdominal aortic aneurysm?[END_REF] ). The protective effect of antidiabetic drugs relies on impact on several pathways involved in AAA formation including ECM remodeling, inflammation, neoangiogenesis or oxidative stress [START_REF] Raffort | Glucagon-Like peptide-1: A new therapeutic target to treat abdominal aortic aneurysm?[END_REF] . Clinical and experimental studies suggest that the protective effect of antidiabetic drugs may be independent of blood glucose lowering action and could be due, at least partly, to an action on insulin resistance. These results offer perspectives for a potential use of antidiabetic drugs to limit AAA expansion.

-Glycolysis inhibitors

The finding that glucose metabolism is increased in patients with AAA prompted investigators to test the effect of glycolysis inhibitors on AAA development [START_REF] Tsuruda | Inhibition of development of abdominal aortic aneurysm by glycolysis restriction[END_REF] . In animal models, glycolysis restriction attenuated AAA development induced by angiotensin II perfusion and calcium chloride application models by inhibiting macrophage survival and adherence to endothelial cells, ECM degradation and inflammation. This could represent an attractive therapeutic target but further validation is still needed. Another example of a potential therapeutic approach inspired from the study of glucose metabolism in AAA is the targeting of Nuclear Receptor Subfamily 1 Group H Member 2 (Nr1h2). Indeed, a study in mice models demonstrated a protective effect of diabetes on AAA formation [START_REF] Tanaka | Hyperglycemia Suppresses Calcium Phosphate-Induced Aneurysm Formation Through Inhibition of Macrophage Activation[END_REF] . This was associated with a decreased monocytes and macrophages infiltration in the aortic wall. In vitro studies in murine macrophage cell line RAW264.7 further revealed that hyperglycemia suppressed MMP9 expression in macrophages through the restoration of Nr1h2 expression.

Hence, the effect of intraperitoneal administration of Nr1h2 agonist (GW3965) was investigated and demonstrated a protective effect on AAA formation, which was associated with a decrease of macrophage infiltration [START_REF] Tanaka | Hyperglycemia Suppresses Calcium Phosphate-Induced Aneurysm Formation Through Inhibition of Macrophage Activation[END_REF] .

-Molecules derived from glucose

Molecules derived from glucose such as pentagalloyl glucose (PGG) have provided encouraging results in potential therapeutic applications to limit both AAA formation and expansion. PGG has the ability to prevent elastolytic degradation by binding to enzyme cleavage sites on elastin [START_REF] Nosoudi | Systemic Delivery of Nanoparticles Loaded with Pentagalloyl Glucose Protects Elastic Lamina and Prevents Abdominal Aortic Aneurysm in Rats[END_REF] . Local application of PGG on healthy aorta in rats hindered AAA formation induced by calcium chloride and PGG administration after AAA induction prevented AAA diameter expansion and ECM degradation [START_REF] Isenburg | Elastin stabilization for treatment of abdominal aortic aneurysms[END_REF] . Thus, PGG could represent an attractive agent to develop new types of coated endovascular repair devices, but further validation studies are required. In addition to local administration, systemic delivery of nanoparticles loaded with PGG decreased AAA formation in the CaCl2 model, which was associated with elastin preservation and a decrease of macrophages and MMP activity [START_REF] Nosoudi | Systemic Delivery of Nanoparticles Loaded with Pentagalloyl Glucose Protects Elastic Lamina and Prevents Abdominal Aortic Aneurysm in Rats[END_REF] . Substantial retention of PGG nanoparticles was documented at the injury site after systemic delivery. Nanoparticle clearance occurred in the spleen and the liver, and no major hepatotoxicity was detected. In addition, in vitro studies on smooth muscle cells, endothelial cells and bone marrow macrophages did not reveal any significant toxicity, further supporting the safety of this therapeutic approach [START_REF] Nosoudi | Systemic Delivery of Nanoparticles Loaded with Pentagalloyl Glucose Protects Elastic Lamina and Prevents Abdominal Aortic Aneurysm in Rats[END_REF] .

-AGE regulators

Other therapeutic approaches based on the pathophysiological role of hyperglycemia in vascular diseases have been developed. As such, AGE cross-link breakers and AGE receptor blockers have been investigated in experimental models, and have been shown to reduce vascular stiffness and atherosclerosis development [START_REF] Zieman | Advanced glycation end product cross-linking: pathophysiologic role and therapeutic target in cardiovascular disease[END_REF] . This kind of approach has been poorly investigated in AAA, but given the impact of glycation on AAA development, we can hypothesize that cross-linking breakers may favor AAA development by weakening the aortic wall. On the opposite, AGE receptor blockade may limit the disease through its impact on inflammation and matrix remodeling.

Conclusion

Even though epidemiological studies have demonstrated a strong negative association between diabetes and AAA, the mechanisms involved are still not fully understood. The link between glycemic parameters and AAA development is complex and its understanding is still in its infancy. Glycemic parameters impact on the disease as well as on the outcomes following the surgical treatment. In turn, AAA surgical repair may potentially have an effect on glucose homeostasis. While the relationship between blood glucose concentration and AAA has been well studied, future studies should focus on other parameters involved in glucose regulation. Glucose regulation results from a complex mechanism involving mainly pancreatic hormones with opposite effects: insulin and glucagon. They have a short half-life and their concentration varies throughout the day depending on food intake [START_REF] Diabetes | Diagnosis and classification of diabetes mellitus[END_REF] . In practice, the evaluation of the sensitivity to these hormones is challenging. Although the Homeostasis Model Assessment (HOMA) is a well-established tool to evaluate insulin resistance, absolute threshold to define normal ranges are still lacking 34 . Despite the technical challenges, the field is worth of investigation. The understanding of cellular and molecular mechanisms underlying the negative association between diabetes and AAA offers interesting perspective to develop new prognostic tools based on the evaluation of circulating glycemic parameters as well as imaging tracers. Various glucose metabolism-based therapeutic approaches including the use of antidiabetic drugs, glycolysis inhibitors, pentagalloyl glucose or AGE regulators could limit AAA formation and expansion. Further studies are required to determine the efficiency and the safety of these approaches and could lead to the development of new clinical trials to test the interest of these molecules for clinical practice.
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