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Hyperglycemia: Cell Death in a Cave

Abstract: Mitochondria play a central role in mediating high glucose-induced apoptosis. A recent study has shown that increases in glucose levels induce significant alterations in caveolae components, suggesting that high glucose may affect apoptotic signaling initiated in caveolae.
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Diabetes is one of the most serious long-term health problems in the United States and when poorly managed can be severely debilitating, even lethal, and have enormous social and economic consequences [START_REF] Zimmet | Global and societal implications of the diabetes epidemic[END_REF]. Diabetes impacts numerous systems and functions through a myriad of molecular mechanisms [START_REF] Brownlee | The pathobiology of diabetic complications: a unifying mechanism[END_REF]. An emerging area of research has focused on the role of apoptosis in mediating some of the effects of diabetes [START_REF] Lee | Apoptosis in the pathophysiology of diabetes mellitus[END_REF]. Apoptosis is the process by which unneeded or damaged cells are eliminated during development and other biological processes and is essential to maintaining normal physiological functions. However, inappropriate or excessive apoptosis can propagate disease processes with disastrous results.

High glucose-induced apoptosis has received much attention in recent years and the data clearly demonstrate that multiple mechanisms regulate the complicated signaling pathways that mediate high glucose-induced apoptosis [START_REF] Kowluru | Diabetic retinopathy: mitochondrial dysfunction and retinal capillary cell death[END_REF]. One of the earliest detectable responses of a cell to a high glucose challenge is the generation of superoxide [START_REF] Du | Hyperglycemia-induced mitochondrial superoxide overproduction activates the hexosamine pathway and induces plasminogen activator inhibitor-1 expression by increasing Sp1 glycosylation[END_REF].

Mitochondria play a central role in mediating glucose-induced apoptosis [START_REF] Brownlee | The pathobiology of diabetic complications: a unifying mechanism[END_REF]. High glucose interrupts mitochondrial electron transport which results in increased oxidation of oxygen by coenzyme Q and the subsequent generation of superoxide. Superoxide then reacts with nitric
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oxide to form peroxynitrite, a highly toxic molecule. Peroxynitrite causes protein dysfunction, oxidizes lipids, and modifies DNA, which often results in both apoptotic and necrotic cell death [START_REF] Beckman | Nitric oxide, superoxide, and peroxynitrite: the good, the bad, and ugly[END_REF]. Thus, the normally efficient and non-injurious metabolism of glucose can, in situations such as hyperglycemia, lead to free radical generation and oxidative stress. An additional, albeit indirect, source of high glucose-induced oxidative stress is via the metabolism of glucose itself. Reduction of glucose to sorbitol by aldose reductase consumes NADPH that in turn impairs NADPH-dependent generation of reduced glutathione (GSH) which subsequently promotes DNA damage [START_REF] Obrosova | Increased sorbitol pathway activity generates oxidative stress in tissue sites for diabetic complications[END_REF]. Supplementation of media with L-cysteine increases glutathione preventing glucose-induced DNA damage and the protective effect of L-cysteine is abolished by an inhibitor of γ-glutamylcysteine synthase the enzyme that converts cysteine to glutathione.

In addition to its role as a source of reactive oxygen species, the mitochondrial intramembrane space contains a heterogeneous class of proteins that when released into the cytosol promotes cell death [START_REF] Garrido | Mechanisms of cytochrome c release from mitochondria[END_REF]. One of the most extensively studied of these pro-apoptotic proteins, cytochrome C, will in the presence of ATP, mediate the allosteric activation and hepta-oligomerization of the adaptor molecule apoptosis-protease activating factor 1 (Apaf-1)

and generate a complex known as the apoptosome. Each apoptosome can recruit seven dimers of caspase-9, an apoptotic protease, and promote the activation of the enzymes. This leads to proteolytic self-processing and subsequently the catalytic maturation of caspase-3 and other caspases which ultimately mediate the biochemical and morphological features of apoptosis.

As would be expected for such an important process, mitochondrial apoptosis is regulated by numerous proteins that directly or indirectly activate or inhibit the activity of and Bcl-X L [START_REF] Ortiz | Expression of apoptosis-regulatory genes in renal proximal tubular epithelial cells exposed to high ambient glucose and in diabetic kidneys[END_REF]. Federici et al showed that, in cultured human pancreatic islet cells, high glucose induces apoptosis by up-regulating the BH3-only containing proteins Bad, Bid and down-regulating Bcl-X L [START_REF] Federici | High glucose causes apoptosis in cultured human pancreatic islets of Langerhans: a potential role for regulation of specific Bcl family genes toward an apoptotic cell death program[END_REF]. Furthermore, Nakagami et al showed in endothelial cells that high glucose induces apoptosis by translocation of Bax to the mitochondrial membrane and caspase-9 and caspase-3 activation [START_REF] Nakagami | Phosphorylation of p38 mitogen-activated protein kinase downstream of bax-caspase-3 pathway leads to cell death induced by high D-glucose in human endothelial cells[END_REF]. Importantly, mice deficient in Bax are resistant to hyperglycemia-induced apoptosis [START_REF] Moley | Hyperglycemia induces apoptosis in pre-implantation embryos through cell death effector pathways[END_REF].

Hayashi et al [START_REF] Hayashi | High glucose downregulates the number of caveolae in monocytes through oxidative stress from NADPH oxidase: Implications for atherosclerosis[END_REF] report that high glucose induces apoptosis in macrophages, confirming and extending earlier observations. Importantly, they found that increased glucose levels significantly reduced caveolin-1 expression and relocated the functional subunit of NADPH oxidase from the cytosol to caveolae where it generates superoxide. Caveolae are microdomains of the plasma membrane that are rich in signaling proteins and alterations in caveolae components can have profound effects both on caveolae formation and function.
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-4 -Studies using caveolin-1 deficient mice demonstrate that caveolin-1 expression is essential to caveolae formation and also to numerous intracellular signaling pathways [START_REF] Drab | Loss of caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice[END_REF]. The study of Hayashi et al [START_REF] Hayashi | High glucose downregulates the number of caveolae in monocytes through oxidative stress from NADPH oxidase: Implications for atherosclerosis[END_REF] provides a potential link between high glucose and caveolae-mediated signaling that results in apoptotic cell death.

In support of the concept that caveolae are involved in regulated apoptotic cell death, we recently reported that scavenger receptor BI (SR-BI) initiates apoptotic signaling in endothelial cell caveolae [START_REF] Li | A novel ligand-independent apoptotic pathway induced by scavenger receptor class B, type I and suppressed by endothelial nitric-oxide synthase and high density lipoprotein[END_REF]. However, unlike TNF-receptor-induced apoptotic signaling [START_REF] Aggarwal | Signalling pathways of the TNF superfamily: a double-edged sword[END_REF], a ligand is not required for SR-BI-induced apoptosis (ligand-independent). By using caspase specific inhibitors, it was demonstrated that SR-BI induces apoptosis by activation of caspase-8, suggesting SR-BI initiates apoptosis in the plasma membrane. Interestingly, endothelial nitric oxide synthase (eNOS), which is associated with endothelial caveolae, completely inhibited the SR-BI-induced apoptotic pathway. This observation has led to the concept that eNOS may function as a switch to turn on/off SR-BI-initiated apoptotic signaling in caveolae. Under normal physiological condition, caveolae eNOS turns off SR-BI-induced apoptosis to protect cells from unnecessary damage. Interestingly, previous studies have demonstrated that oxidative stress relocates eNOS from caveolae to the cytosol [START_REF] Uittenbogaard | High density lipoprotein prevents oxidized low density lipoprotein-induced inhibition of endothelial nitric-oxide synthase localization and activation in caveolae[END_REF]. In light of the recent work of Hayashi et al [START_REF] Hayashi | High glucose downregulates the number of caveolae in monocytes through oxidative stress from NADPH oxidase: Implications for atherosclerosis[END_REF] it is conceivable that high glucose-induced oxidative stress may also influence SR-BI-mediated apoptosis. Clearly, considerably more studies are required but the added apoptotic regulatory mechanisms involving caveolae are likely to emerge as an important component of oxidative stress induced apoptosis. 
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  . Many of these proteins have similar sequences and structures and collectively comprise the Bcl-2 family of apoptosis regulators. The Bcl-2 family is subdivided into three groups based on the number and type of Bcl-2 homology domains that they contain. For instance the anti-apoptotic Bcl-2, Bcl-w, Bcl-X L and Mcl-1 contain several BH domains (BH 1-4), whereas the pro-apoptotic Bim, Bad and Bid proteins contain only a single BH3 domain. Proteins that only contain a BH3 domain inhibit the anti-apoptotic actions of Bcl-2 directly by binding and preventing its inhibition of Bax homo-oligomer formation. Bax contains multiple BH domains and promotes mitochondrial membrane permeability thus allowing the release of cytochrome c and formation of the apoptosome with Apaf-1 as discussed above. Most of these mechanisms are involved in high glucose-induced apoptosis depending on the cell type or tissue studied. For instance, Ortiz et al reported that in renal tubular epithelial cells high glucose induces apoptosis via increasing the expression of Bax and down-regulating Bcl-2
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 1 Figure 1: Schematic of high glucose induced apoptosis. SR-BI; scavenger receptor class B type I: casp; caspase: C; cytochrome c: NOS; nitric oxide synthase.