cooperation between specialized cell types

INTRODUCTION
All multicellular organisms efficiently function through the cooperation between specialized cell types. This requires intercellular communication chieved by the binding of molecules from one cell to receptors on another. These molecules are peptides and often have to withstand the harsh extracellular environment (David Ron et al., 1999). There are bewildering numbers of proteins synthesized and targeted to their destinations at any given time in cell cycle. Successful targeting involves endoplasmic reticulum as a major organelle. Proteins formed in cells are synthesized as a primary structure which is further modified to secondary and then to native 3D protein conformation. In normal conditions, specific sequences direct newly formed proteins into ER through specific translocon channels, co-translationally (Johnson and Van Waes, 1999; Clemons et. 2004). The lumen of the ER provides an environment that is specialized in production of secretory and membrane proteins which require specific modifications like glycosylation (Trombetta and Helenius, 1998), adding other sugar residues and disulphide bond formation.
ER is a protein folding compartment
Protein folding is an energy demanding process and even under normal conditions, it has been estimated that ~30% of newly synthesized proteins are rapidly degraded, possibly as a result of improper folding (Schubert U et al.,2000; Yewdell JW and Nicchitta CV, 2006). Therefore even an acute increase in the translation of secretory proteins would impose a major problem to the cell due to potential build up of misfolded proteins. The situation becomes even more critical if the chaperone capacity is overwhelmed or perturbations in the ER environment occur, such as alterations in redox state, reduced calcium levels or failures to post translationally modify secretory proteins. Therefore ER is highly sensitive to alterations in homeostasis.

The ER contains numerous chaperones, a class of proteins that facilitate and promote protein folding throughout. The two major chaperones systems in ER are Immunoglobulin Binding protein (BIP) (a major determinant of cell revival from stresses) and Calnexin & Calreticulin systems. These chaperones provide two important functions in protein folding (Gething and Sambrook, 1992). First, Protein Disulfide Isomerases (PDI) and peptidyl-prolyl cis-trans propyl isomerases (PPIases) catalyses protein folding reactions and increase the rate, without changing the pathway at which proteins attain their final folded conformation. Second, there are chaperones that do not actively catalyse the protein folding but rather maintain proteins in folding competent state. These proteins prevent protein folding intermediates from aggregating and stabilize energetically unfavourable conformations of polypeptides to minimize irreversibile dead end protein misfolding (Dill and Chan, 1997). One of the best characterized examples of the latter class is the immunoglobulin binding protein (BiP). It prevents the secretion of incompletely assembled immunoglobulins. Independently, BiP was identified as a member of protein family that is expressed at high level in virally transformed cells and upon conditions of glucose deprivation (Lee 1987), hence named as glucose-regulated protein family or GRPs. In the mid 1980s, it was shown that BiP is identical to GRP78 (Munro and Pelham, 1986), the 78-kD family member of GRPs that has homology to the cytosolic Hsp70 stress protein.

GRPs are constitutively expressed in all cells and its transcription along with ER resident protein PDI is increased in response to various stimuli that disrupt ER function (Kozutsumi et al 1988, Dorner et al. 1989). These stresses include calcium depletion from lumen, inhibition of asparagine linked N - glycosylation, reduction of disulfide bonds, expression of mutant proteins, oxidative stress, etc. Such alterations in ER homeostasis can be pharmacologically induced using drugs such as Tunicamycin, Thapsigargin, or Dithiothreitol that inhibits protein glycosylation, disrupts ER Ca2+ levels or disrupt ER redox state, respectively. In the last decade or so, an intricate molecular system for monitoring and responding to alterations in the ER protein folding environment and has been termed as Unfolded Protein Responses (UPR). It was in 1988, a major discovery in ER biology was made, with the first description of the ER stress response (Sambrook et al. 1988). Since then, there has been a lot of studies and research that brought forward details on ER and its role in protein processing.
ER and the canonical Unfolded Protein Response
In eukaryotic cells, monitoring of the ER lumen and signaling through the canonical branches of the UPR are mediated by three ER membrane-associated proteins, PERK (PKR-like eukaryotic initiation factor 2α kinase), IRE1 (inositol requiring enzyme 1), and ATF6 (activating transcription factor-6). In a well-functioning and ‘‘stress-free’’ ER, these three transmembrane proteins are bound by a chaperone, BiP in their lumenal domains (amino-terminal of IRE1 & PERK and carboxy-terminal of ATF6) and rendered inactive (Bertolotti et al., 2000; Shen et al., 2002). Simple disruption of BiP from the ER stress sensors may not always lead to the activation and there may be additional mechanisms controlling the UPR (Oikawa et al., 2007; Zhou et al., 2006). Inside the ER lumen the misfolded proteins compete with BiP for hydrophobic domains on proteins, that inturn releases BiP from ER stress sensors and induces ER stress. These cause the dimerisation and oligomerisation of the two kinases IRE1 α and PERK, and engage them in the downstream signaling pathway (Ron and Walter, 2007). Activation of the third branch of UPR requires the translocation of ATF6 to golgi which is discussed subsequently.
PERK Pathway
PERK, initially called pancreatic eIF2α kinase (PEK), is a type 1 ER-transmembrane protein with a cytoplasmic serine/ threonine kinase activity (Shi Y, 1998). In response to ER stress, BiP dissociates from the PERK ER-lumenal domain, promoting its activation by oligomerization and auto trans-phosphorylation (Bertolotti A., 2000). The principal substrate of PERK is the eukaryotic initiation factor 2α (eIF2α) at serine 51, which converts eIF2α to phosphorylated-eIF2 α (p-eIF2 α) and reduces the rate of formation of the ternary complex, resulting in reduced global protein synthesis and a subsequent reduction in the workload of the ER. This is a protective mechanism, limiting the burden posed on the stressed ER by the arrival of newly formed proteins (Harding et al., 1999). Translational block is not a specific feature of ER stress, since eIF2α can be phosphorylated by other protein kinases, namely double-stranded-RNA-dependent protein kinase (PKR) during viral infections, general control of amino-acid synthesis 2 (GCN2) during aminoacid starvation, and heme regulated translational inhibitor (HRI) during heme defiency, which are activated by ER independent mechanisms (Wek RC 2006).

However, prolonged translational inhibition becomes deleterious for the cells (Paschen W 2003) as this causes the disappearance of proteins with short half life, such as cyclin D1 (Brewer JW 1999) (leading to cell cycle arrest) and dissociation of anti-apoptotic proteins from the Inhibitor of Apoptosis Proteins (IAPs) family (Scheuner D 2006). The duration of the translational block depends on a tightly regulated activation of the PERK/eIF2α pathway. This is mediated by two protein phosphatases, namely an inhibitor of the interferon-induced double stranded RNA-activated protein kinase (p58IPK) that dephosphorylates PERK (Yan W 2002) and the growth arrest and DNA damage gene -34 (GADD-34) / Protein phosphatase-1C (PP1C) complex that dephosphorylates eIF2α (Novoa I 2001), both contributing to reactivation of protein translation. Of note, the phosphorylated form of eIF2α decreases general protein translation, while allowing preferential translation of the activating transcription factor 4 (ATF4). PERK also activates Nrf2 (nuclear erythroid 2 p45-related factor 2), and NF-kB (nuclear factor kappa b), a master transcription factor with numerous functions including regulation of the inflammatory response. Activation of PERK, IRE1 and ATF6 pathways also leads to regulation of the NF-kB-IKK signaling pathway during ER stress through activation of IKK or degradation of the p65 subunit (Deng et al., 2004; Hu et al., 2006 Yamazaki et al., 2009). PERK pathway induces C/EBP (CCAAT/enhancer binding protein) homologous protein (CHOP, also called growth arrest and DNA damage-inducible protein 153, GADD153), caspase-12 and c-Jun N-terminal kinase (JNK) signaling are activated, ATF4 is produced through alternative translation and induces expression of genes involved in apoptosis (CHOP, C/EBP homologous protein), ER redox control (ERO1, endoplasmic reticulum oxidoreductin), the negative feedback release of eIF2α inhibition (Gadd34), and glucose metabolism (fructose 1,6-bisphosphate; glucokinase, and phosphoenolpyruvate carboxykinase) (Harding et al., 2000b; Ma et al., 2002). PERK-dependent phosphorylation triggers dissociation of Nrf2/Keap1 complexes and allows subsequent Nrf2 nuclear import (Cullinan et al., 2003). Studies have shown that NF-kB can be activated through this pathway via translational suppression of inhibitory kappa B (IkB), resulting in the regulation of mediators of inflammation (Deng et al., 2004; Jiang et al., 2003) such as IL-6 and TNF-α. And promotes the execution of the antioxidant response element-dependent gene transcription program. This includes expression of genes encoding heme oxygenase-1 (HO-1), thioredoxin reductase 1 (TXNRD1), and the glutathione S-transferases GSTP1, GSTM1, and GSTm2 (Cullinan and Diehl, 2006).
IRE-1 Pathway
IRE-1 branch of UPR is the oldest in evolutionary sense, is a type 1 ER-transmembrane protein which contains a serine/ threonine kinase and cytoplasmic RNase domains (Urano F 2000, Calfon et al 2002). Although, two IRE1 genes have been cloned, IRE1α and IRE1β, both IRE1α and IRE1β function as sensors of the UPR in mammalian cells. IRE1α is ubiquitously expressed in most tissues with relatively higher expression in the pancreas and placenta, whereas IRE1β is expressed selectively in epithelial cells of the gastrointestinal tract (Tirasophon W et al., 1998; Wang XZ et al., 1998). Activation of IRE-1 in response to ER stress occurs by release of BiP from its regulatory domains leading to dimerisation and transphophorylation and provoking the subsequent activation of its RNase activity (Bertolloti et al 2000), which mediates the unconventional splicing of the mRNA encoding the transcription factor X-box-Binding Protein-1 (XBP-1). The processing of XBP-1 transcript by IRE-1 involves the removal of a 26 bp intron leading to an ORF frame shift and translation of the functional form of spliced XBP-1 (XBP-1s) (Sidrauski, C.et al 1997). XBP-1s alone or in conjunction with ATF6α, launches a transcriptional program to produce chaperones (such as BiP) and proteins involved in ER biogenesis, phospholipid synthesis, ER-associated protein degradation (ERAD). Thus, XBP-1s activates one of the major pathways for enhancing the folding capacity of the ER and for dealing with ER stress (Lee et al., 2003). IRE1a pathway switches on the proapoptotic Bcl-2 proteins BAX and BAK (Hetz et al., 2006; Rao et al., 2004) through TRAF2 (tumor necrosis factor receptor-associated factor 2) and ASK1 (apoptosis signal-regulating kinase 1) (Kaneko et al., 2003). The downstream mechanism by which ASK1 activates c-Jun N-terminal kinases (JNK) leading to apoptosis is not completely clear, but may involve the regulation of Bcl-2 family of proteins (discussed below). Although XBP-1 was previously reported to bind to (Endoplasmic Reticulum Stress Element) ERSE sequence such as the one present in the promoter of pro-apoptotic transcription factor CHOP (Oyadomari S 2004, Yamamoto K, 2004). Studies on over expression of the spliced form of XBP-1 in MEF (mouse embryo fibroblasts) are not able to induce CHOP while a chemical ER stress inducer is able to stimulate its expression (Lee AH 2003). Spliced XBP-1 also up regulates its own promoter thus increasing total XBP-1 expression (Lee et al 2002). XBP-1 was the only known substrate of IRE1, but recently this endoribonuclease was reported to target other mRNAs during ER stress, although through a different mechanism. It was observed in Drosophila cells that under ER stress conditions that IRE-1 mediates the degradation of mRNAs encoding for secreted and membrane proteins (Hollien J et al 2006). A similar phenomenon was recently reported in Hela cells, where IRE1a caused the degradation of the CD59 mRNA upon ER stress (Oikawa et al 2009). These findings suggest a new protective mechanism for the UPR downstream of IRE-1, namely degradation of mRNAs encoding for ER targeted proteins. This would complement the translational repression mediated by eIF2α phosphorylation, further reducing the load placed by newly synthesized proteins on the stressed ER (Ron 2006).
ATF-6 Pathway
ATF-6 is a type II ER-transmembrane protein with a basic leucine zipper (bZIP) DNA binding domain and a transcriptional activation domain in its cytoplasmic part (Haze K et al 1999). Two isoforms of activating transcription factor 6 (ATF6) exist in mammalian cells (ATF6α and ATF6β), which have fairly ubiquitous tissue distributions (Haze K et al., 2001). ATF6 pathway activation involves a mechanism termed regulated intramembrane proteolysis (RIP), whereby the protein translocates from the ER to the Golgi for proteolytic processing. ER stress-induced activation of ATF6 occurs via release of BiP from its N-terminal domain domain unveiling a Golgi localization signal (Shen J et al 2002). This leads to ATF6 translocation to the Golgi and subsequent sequential cleavage by the site 1 (serine protease) and site 2 proteases (metalloprotease) (S1P and S2P) resulting in the release of its cytoplasmic part (50kD with a nuclear localization signal-NLS) and further translocation into the nucleus. Cleaved ATF6 moves to the nucleus to stimulate the expression of genes containing ER stress elements (ERSE-I, -II), UPR elements (UPRE), and cAMP response elements (CRE) in their promoters which includes ER resident chaperones, components of the ER associated degradation pathway (ERAD), the pro-apoptotic transcription factor Chop, the phosphatase p58IPK and XBP-1 (Oyadomari S et al 2004, Olivari S, et al 2005, Lee K 2002, Yoshida H et al 2000). ERAD as well as production of the ER degradation-enhancing a-mannosidase-like protein (EDEM) are boosted by these events, facilitating clearance and degradation of misfolded proteins from the ER lumen (Kokame et al., 2001; Yoshida et al., 1998).

When the stress signals are excessive, prolonged, or insufficiently neutralized, successful alleviation of ER stress may not occur and the UPR can induce cell death via apoptosis (Rao et al., 2004). Still there remains an important gap in our understanding of the ability of individual UPR initiators to recognize or respond to various forms of ER stress. Differential activation of the three UPR pathways may be a critical determinant of apoptosis (Ron and Walter, 2007). For example, attenuation of IRE1 and ATF6 activities by persistent ER stress and prolonged signaling through PERK can create an appropriate condition for apoptosis (Lin et al., 2007). Divergent effects of IRE1-mediated XBP-1 splicing and IRE1α triggered degradation of mRNAs localized in the ER may be critical determinants of the life and death outcomes resulting from ER stress (Han et al., 2009). Hence, it is likely that IRE1α is a critical lever in the UPR that controls commitment to cell death or promotes survival (Ron and Walter, 2007). Moreover, additional work is required to determine how and whether different branches of the UPR are specialized to respond to particular conditions and different cellular environments by engaging distinct survival responses. Although disruption of distal death mediators has yielded important insights, the proximal engagement of these pathways is also vital in linking ER stress to physiological functions and disease pathogenesis.
Endoplasmic reticulum associated death (ERAD)
In mammalian cells, the basic response to ER stress includes an initial transient inhibition of protein synthesis to temporarily stop production of new proteins. Followed by transcriptional activation of chaperone genes that promote protein folding and induction and activation of the ERAD. If unsuccessful to bring back protein homeostasis, cells start to signal for cell destructive pathways, the ERAD (ER Associated Death), a system that retro-translocates terminally misfolded proteins from the ER for proteasome- dependent degradation (Meusser B et Al., 2005; Oyadomari S et al, 2006) which leads to apoptosis. Together, they aim for enhancing folding capacity of ER on one hand and for the relief from folding load via ERAD or via block in protein synthesis on the other hand (Braakman I, 2004).

ER-associated degradation (ERAD) of misfolded protein is a crucial function needed to preserve the functionality of the ER. The lumen of the ER has a very high concentration of protein (>100 mg/ml) and an abundance of chaperones and catalysts to favor proper folding of nascent polypeptide chains. However, accumulation of misfolded protein impairs further folding of other nascent polypeptides and compromises cellular function in a number of ways including: 1) sequestration of chaperones with misfolded protein; 2) depletion of energy due to multiple interactions of an unfolded protein with chaperones having ATPase activity; and 3) depletion of reducing equivalents and generation of ROS due to repeated cycles of disulfide bond reduction and reformation. Misfolded, yet soluble, lumenal and membrane proteins undergo retrotranslocation into the cytosol for ubiquitinylation and proteasome mediated degradation (ERAD I), whereas misfolded proteins that cannot maintain solubility aggregate and are eliminated by autophagy (ERAD II) (Brodsky JL et al. 2003, Cooper AA et al 2007, Momoi T et al 2007). Interestingly, it was recently reported that hyperglycemia in vitro and in vivo causes proteins to form aggregates that are cleared from beta cells by an autophagy-dependent mechanism (Brumell JH et al. 2007).
AUTOPHAGY or ERADII
Autophagy is the well regulated self mechanism by which cells degrade its protein or damaged organelles. In the ER the autophagy has 2 important roles - removal of excess proteins and misfolded proteins that cannot be removed through ERAD( Yorimitsu, T., and Klionsky, D.J., 2005). The second role is the degradation of the ER itself. Autophagy is either mammalian target of rapamycin (mTOR) dependent or independent. Xie 2007 states that mTOR is a potential upstream signal that may regulate autophagy in obesity, but may require further studies to know the action of excess of nutrients and its impact on insulin action or regulation of autophagy.
METABOLIC SYNDROME
Also called as syndrome/ Insulin resistance syndrome. It consists of metabolic abnormalities that confer increased risk of Cardio vascular disese (CVD) and Diabetes Mellitus (DM). The criteria for metabolic syndrome have evolved since the original definition by WHO in 1998. Major features of metabolic syndrome are: central obesity, hypertriglyceridemia, low HDL, hyperglycemia and hypertension. Risk factors include overweight, obesity, sedentary lifestyle, aging, DM, CVD and lipidystrophy. Pathophysiology includes increase in fatty acid release from adipose tissue due to expanded mass. In liver these fattyacids leads to increased production of glucose, triglycerides and secretion of VLDLs. This further leads to decreased HDL cholesterol and increased LDL. FFA also decreases insulin mediated glucose entry into muscles. Hyperinsulinemia also causes increased sodium reabsorption and increased sympathetic nervous system activity and contribute to hypertension (also caused by increased FFAs). Adipocytes and monocytes also produce more of IL-6 and TNF α which further cause insulin resistance and increased breakdown of FFAs. DM and CVD are commonly associated disorders.
CATCH LINE
Excess nutrients, new dietary components, lack of physical activity, and an increased life span created the need for energy and nutrient management. An array of pathologies has developed and thus biological responses are unable to cope with these challenges and homeostatic systems are gradually deteriorated. In the past century, the incidence of chronic metabolic diseases, particularly obesity and type 2 diabetes, has increased dramatically in the developed and developing worlds (Hossain et al., 2007) Increased adiposity and abnormal insulin action are associated with an array of health problems including a markedly increased risk for type 2 diabetes, fatty liver, hepato-biliary and gallbladder diseases, cardiovascular pathologies, neurodegenerative disorders, asthma, and a variety of cancers (Hotamisligil, 2006). Addressing the central mechanisms underlying these pathologies will have implications for aging and should lead to new therapeutic approaches for treating these conditions. One potential emerging mechanism involves the endoplasmic reticulum (ER), the organelle responsible for protein folding, maturation, quality control, and trafficking.
ER mediated Inflammation in Metabolic syndrome
There’s interplay between UPR and inflammation. Studies have shown that mediators of UPR like IRE1α, ATF6 and PERK causes increased synthesis and secretion of proinflammatory cytokines like IL8, IL6, MCP-1 CRP and TNF α, which further leads to insulin resistance. The TNF α and CRP-1 activates protein kinase C (Also, activated by Diacyl glycerol, FFAs, and sphingophospho lipids) and PKR (Nakamura 2010) which wrongly phosphorylates serine and threonine residues of IRS-1 and thus blocks insulin signaling pathway (Peraldi P et al, 1996). These released cytokines induces the activation of JNK & AP1, NFkB-IkKB pathways as well as an increased production of ROS and NO has been reported. Activation of ER stress is also seen because of increased inflammatory cytokines in brain (Zhang 2008). IkkB may be the link between this interplay and the responses may depend on the cell type. In adipocytes for instance inflammatory signals may not cause UPR to get activated under normal conditions.

It is well known that nutritional habits, excess lipid intake may lead to increased amount of inflammatory cytokines and cause ER stress. The study done by Nakamura, 2010 has shown that increased PKR activity because of increased lipids, during obesity may lead to activation of JNK pathway and inflammatory response. PKR also forms a complex called as inflammasome or metaflammasome which may be further activated by ER stress.

Chronic ER stress and activation of UPR may also result in toxic accumulation of ROS (Cullinan and Diehl, 2006). This happens because of increased production of reduced molecular oxygen which is produced during disulfide bond formation by PDI, ERO1α and ER protein essential for respiration and viability in yeast (Erv2p). Though UPR has mechanisms to reduce ER stress through PERK mediated NRF2 activation but may fail to do so in excessive ROS.

In neurons, because of increased NO synthesis leads to S-nitrosylation of PDI, thus inhibiting its activity leading to the accumulation of polyubiquitinyated proteins and activation of UPR and thus death of neurons. Its also been postulated that ROS generated through inflammation or mitochondrial damage could cause ER dysfunction (Uehara 2006).
CELL INJURY: CAUSES AND MECHANISMS
A cell can be injured by many different stimuli and by various mechanisms. Most common stimuli are hypoxia, chemical agents, infectious agents, immunological reactions, genetic defects, nutritional imbalance, physical agents and aging (Robbins pathology).

Once injured a cell may proceed towards repair or death (depending on the extend of damage and cell type). Mechanisms involved in cell injury are: depletion of ATP, damage to mitochondria and ER (Ref?), influx of Ca2+ to cytosol, accumulation of ROS, defects in membrane permeability and damage to DNA or protein.
ER stress Heart disease and Atherosclerosis
We have already discussed how the three pathways – PERK, IRE1 and ATF6 are involved in UPR and ERAD. Different tissues may have different inducers for ER stress. In heart, ER stress has been implicated to a number of diseases such as Ischemia, refursion injury, and heart failure (Toth A et al, 2007). Studies have related cardiac remodeling in hypertension to expression of PARM-1 (Prostatic androgen repressed message-1). PARM-1 inturn is induced by ER stress, which plays a protective role. PARM-1 does so by regulating PERK, ATF6 and CHOP expression in myocardial cells (Isodono K et al, 2010). ATF6 has a special role to play here. Its been observed that it is inactivated on reperfusion, suggesting its role in induction of stress response genes. Such effect may help in preconditioning of cells which helps in survival during reperfusion (Doroudgar S et al, 2009). But UPR has still not been extensily studied in cardiac tissue and further elucidation is needed/ The precise role of ER stress in control of cardiac energy metabolism needs further investigation.

Ischemia is one of the most common disorder. It is characterized by decreased blood flow to cardiac tissue due to partial occlution of coronary artery. Due to this cells are deprived of nutrition and oxygen. Lack of nutrition causes reduced glycosylation and thus leading to increased misfolded proteins. Because glucose units are a necessary part of N-linked glycosylation, potentially, this may be a sensing mechanism that triggers a change in glucose metabolism. Ischemia may also upregulate the three downstream arms of UPR (Szegezdi E et al, 2006). Furthermore, GRP94 and BiP/GRP78 are up regulated on glucose starvation in an attempt to prevent cellular damage. One significant feature of heart disease is a change in the energy source used by the heart. Fatty acids, glucose, and lactate normally contribute the most to cardiac energy metabolism and this might be sensitive to ER stress responses (Avery J et al 2010). The precise role of ER stress in control of cardiac energy metabolism needs further investigation. Oxygen deprivation leads to further increase in misfolded proteins because of insufficient disulfide bond formation, which inturn is due to reduced PDI activity (Shimizu Y et al, 2009). Apart from PDI, another enzyme gets affected prominently because of hypoxia is prolyl hydroxylase. This enzyme is involved in collagen formation in the presence of molecular oxygen (Harper’s). It is responsible for hydroxylation of proline (which falls every third aminoacid in tropocollagen) and succinate residues (Robert K Murray, 2000).

Now since we understand how hypoxia and ischemia causes cardiac tissue damage, we also need to understand how ischemia is being caused. Complete understanding and elucidation of these pathways are crucial in studying Atherosclerosis related to metabolic syndrome. Atherosclerosis is thickening of arterial walls due to increased cholesterol. Atheroma in coronary artery would lead to myocardial infarct. Atherosclerosis is caused by a complex disease process. Several different mechanisms have been proposed. Macrophages have been attributed as one of the major factors for progression of plaques (Gokhan S Hotamisligil, 2010). Macrophages are one of the chief cells of immune defense mechanism (Aqel N M et al., 1984). Knowingly or unknowingly, our friendly cells may turn traitors. High lipid content in cells is proposed to cause macrophage taxis. It is also observed in increased obesity where macrophages engulf fatty acids and dying adipocytes (Gokhan S Hotamisligil, 2010). During metabolic syndrome, there is seen altered composition and concentration of lipids. Macrophages become vulnerable to such conditions and engulf increased amount of lipids (Tabas, 2009, Feng, B, 2003). This excess of lipids will lead to deleterious effect on self and cause upregulation of UPR and ERAD. But, this effect of macrophages will have to be studied further to come to some final conclusions. There is no clear evidence about factors causing increased plaque formation due to macrophage ER stress caused by excess lipid intake (Feng, B. et al.,2003, Myoishi, M. et al 2007, Zhou, J.2005). Few mechanisms that have been proposed for this are listed here. First, many key lipogenic pathways are located in the ER (Gregor, M.Fet al. 2007). With the increase in lipid metabolism there is concurrent increase in XBP-1, which has role in phospholipids (phosphatidyl choline) synthesis and also expansion in ER membrane (Sriburi, R,et al, 2004).

Second, ER stress drives apoptosis that is induced due to presence of free cholesterol (Tabas, I, 2009). In case of metabolic syndrome, increased intake of oxidized LDL by macrophages will lead to stress by this mechanism. Third some studies also propose that due to ER stress, MHC-1 associated antigen presentation could be defective. Particularly, ER stress induced due to excess of saturated fat and activation of UPR can affect the adaptive immune system by reducing the processing and presentation of MHC-1 associated peptides (Granados, D.P. et al.2009, de Almeida, S.F. 2007, Yang, L.2007). Depending on the position of atheroma, excess lipid and ER stress may finally cause ischemia of coronary artery, hepatostaetosis, pancreatic dysfunction and finally diabetes.

Fourth, ER stress leads to abnormal insulin action and promotes hyperglycemia through insulin resistance, stimulation of hepatic glucose production and suppression of glucose disposal. From a metabolic perspective, hyperglycemia, hyperinsulinemia or both may serve as a bridging mechanism between obesity, type 2 diabetes and atherosclerosis (Gregor, M.F. 2007, Ozcan, U. et al. 2004). ER stress may also be linked to the production of inflammatory mediators and reactive oxygen species, which are detrimental for insulin action, lipid metabolism and glucose homeostasis (Hotamisligil, G.S. 2008). It is worth mentioning that an inflammatory environment can also compromise ER function, having a negative impact on metabolic homeostasis and promoting further stress and inflammation.
ER stress and DIABETES MELLITUS
DM refers to a common group of metabolic disorders that share the phenotype of hyperglycemia. Depending on the etiology of DM factors contributing to hyperglycemia include reduced insulin secretion, decreased glucose utilization due to insulin resistance, and increased glucose production (Fauci et al, 2008).

Besides some brain cells that produce a small amount of insulin (Gerozissis K, 2004), the pancreatic β–cell is the only cell type that secretes insulin in response to high glucose levels and consequently it has a highly developed ER (Oyadomari S et al., 2002; Araki E et al., 2003). The ER stress sensor proteins, IRE1 and PERK, are highly expressed in pancreatic β–cells (Araki E et al., 2003). In β-cells, the UPR is a fundamental process with important physiological roles. The importance of the UPR in β–cell physiology has been demonstrated by studies using PERK knock-out and eIF2α (S51A) knock-in mice (Harding HP et al., 2001; Scheuner D et al., 2001; Zhang P et al., 2002). Cells in these animals cannot regulate translational control via PERK/eIF2α and thus are more susceptible to ER stress. Mice lacking PERK were found to develop hyperglycemia and increased pancreatic β–cell apoptosis (Harding HP et al., 2001). eIF2α (S51A) knock-in mice also exhibited pancreatic β–cell defects, evidenced by decreased insulin content and mRNA levels (Scheuner D et al., 2001). Mutations in the PERK gene have also been identified in patients with Wolcott-Rallison syndrome (Delepine M et al., 2000). These patients develop severe diabetes at an early age (Delepine M et al., 2000). Collectively, these findings highlight the fact that a functional UPR system is vital to β–cell function and survival.

Severe and prolonged ER stress overwhelms the cell protective mechanism of the UPR and induces apoptosis (Oyadomari S and Mori M, 2004; Araki E et al., 2003). Conditions that prevent proper protein folding in the ER can induce beta cell death.The Akita mouse, which carries a missense mutation (C96Y) in the insulin 2 gene (Ins2), spontaneously develops diabetes with reduced β-cell mass due to β-cell apoptosis (Oyadomari S et al, 2002). This mutation disrupts a disulfide bond in proinsulin between the A and B chains that prevents proper folding of the protein (Oyadomari S and Mori M, 2004; Oyadomari S et al, 2002; Wang J et al., 1999; Ron D, 2002). The mutant insulin is retained in the ER and eventually becomes toxic to the β–cell by inducing an ER stress response that leads to apoptosis induction (Oyadomari S et al, 2002).

Beta cell dysfunction may also be caused by chronic hyperglycemia and chronic hyperlipidemia associated with obesity and type 2 diabetes (also referred to as glucotoxicity and lipotoxicity, respectively)(Poitout V and Robertson RP, 2002; Prentki M et al., 2002; Cnop M et al., 2005; Wajchenberg BL, 2007). Recent studies have also shown that β–cell loss can be caused by stress occurring in the ER (Araki E et al., 2003).

One mechanism by which chronic hyperglycemia causes these detrimental effects on pancreatic β-cells is by inducing the production of reactive oxygen species (ROS) in β-cells. Human islets and HIT-T15 β-cells showed an increase in intracellular peroxide levels in response to high glucose (Tanaka Y et al., 2002). The generation of ROS such as superoxide, hydrogen peroxide, nitric oxide, and hydroxyl radicals (Robertson RP et al., 2003), can originate from the electron transport chain in the mitochondria (Brownlee M, 2001), nonenzymatic glycation reactions (Matsuoka T et al., 1997), and the hexosamine pathway (Kaneto H et al., 2001). Since pancreatic islets express relatively low levels of antioxidant enzymes (copper-zinc superoxide dismutase, manganese superoxide dismutase, catalase, and glutathione peroxidase (GPx)) and the expression of these antioxidant enzymes in rat pancreatic islets and RINm5F insulin-producing cells are not induced by high glucose treatment (Grankvist K et al., 1981; Tiedge M et al., 1997), β-cells are particularly sensitive to oxidative stress (Robertson RP et al., 2003). In addition to oxidative stress, hyperglycemia also induces ER stress (Wang H et al., 2005). Treatment of INS-1E cells with chronic high glucose increased the mRNA expression of GRP78 and CHOP (Wang H et al., 2005). However, it is unknown whether ER stress plays a role in the decrease in insulin synthesis or β-cell apoptosis during chronic hyperglycemia.

Chronic high palmitate can mediate apoptosis via the generation of reactive Oxygen species (ROS), production of ceramide and nitric oxide (NO), and detrimental effects on mitochondrial function that lead to the release of cytochrome c. Chronic palmitate exposure also induces ER stress, which may contribute to apoptosis induction. Palmitate-mediated ER stress is possibly caused by the accumulation of tripalmitin triglyceride in the ER or incorporation of palmitate into ER phospholipids, making the ER membrane rigid (Borradaile NM et al., 2006; Moffitt JH et al., 2005).
ER STRESS AND OBESITY
Increasing evidence has suggested that obesity is associated with physiological changes, such as Type 2 diabetes, cardiovascular disease and hypertension. However, the molecular mechanism of obesity is not well understood. To identify novel genes involved in obesity, Friedman and co-workers (Zhang, 1994). identified the hormone ‘leptin’. Leptin is an important circulating signal for repressing food intake and body weight through its actions in the brain (Zhang, 1994, Campfield, L. A et al, 1995, Halaas, J. L.,1995, Pelleymounter, M. A.,1995, Hosoi, T., 2002). Along with increased obesity is seen elevated leptin resistance because of persistent high levels of leptin secreted by adicocytes. Recently, Toro Hosai et al found that one of the mechanisms of leptin resistance is mediated through ER stress. It was revealed that ER stress-induced leptin resistance would be mediated through PTP1B but not through SOCS3 (Hosoi, T., 2008). Moreover, we have found that homocysteine, which induces ER stress (Outinen, P. A., 1999, Kokame, K.,2000), evoked leptin resistance both in vitro and in vivo (Hosoi, T., 2008). Importantly, a high-fat diet (which induces obesity) has been reported to induce ER stress in the hypothalamus, as evaluated by PERK phosphorylation (Zhang X, 2008). Thus these results raise the possibility that ER stress is linked to leptin resistance, which results in obesity; however, further analysis is necessary to test this possibility.

A strong relationship between Obesity and ER stress has been studied in human subjects in the context of metabolic disease. Tabas et al., 2009 demonstrated that ER stress indicators are similar in human atherosclerotic lesions as in vascular lesions of mouse. A positive correlation between increasing body mass index and expression of various ER stress markers in human subcutaneous adipose tissue was demonstrated by Sharma et al. (2008). When obese patients undergo marked weight loss due to gastric by-pass surgery, there is a decrease in ER stress markers in liver and adipose tissue (Gregor et al., 2009). These studies reveal that the regulation of disease mechanisms discovered in mice is similar to that of humans.
THERAPEUTIC TARGETING OF ER DYSFUNCTION
Recent studies provide strong evidence in support of a role for ER stress in human metabolic disease and complications like hyperglycemia, diabetes, atherosclerosis and hypertension. ER stress mechanisms pose as novel drug targets for counteracting complications. Chemical chaperones have been found to be rescuing cells from ER stress induced apoptosis, but there are certainly limitations with these chemicals due to the high doses required to produce the desired effect and relatively undesirable pharmacokinetics. More studies are needed to elucidate how enhancing the activity of endogenous chaperones and boosting protein folding in metabolically active tissues affects the adaptive capacity of the UPR under metabolic stress.

The regulation of ER stress in human metabolic disease has been focused on the involvement of the IRE1 and PERK branches of the UPR. ATF6 is not well studied in humans. It will be exciting to investigate individual molecular chaperones and the transcription factors that control them, such as ATF6 and XBP1, in the liver, adipose tissue, muscle, and pancreas. Upregulation of protein folding chaperones may prove beneficial to a metabolically overloaded cell and may be a powerful approach for treating chronic metabolic diseases.

Two most widely studied compounds are PBA (phenylbutyric acid) and TUDCA (taurosodeoxycholic acid). They have proved to alleviate ER stress and shown improved systemic insulin action in diabetes (Ozcan et al., 2006). PBA and TUDCA are chemical chaperones and thus improve protein conformation of misfolded proteins and can be used in drug formulations. (Maestri et al., 1996, Kaplan and Gershwin., 2005). However, their long term effects are yet to be studied. TUDCA being a bile acid conjugate was used to treat cholelithiasis and cholestatic liver disorders in Europe. Its effect on ER stress was studied and data have dem