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Abstract
Nonalcoholic fatty liver disease (NAFLD) has emerged as a common public health problem in recent decades. However, the underlying mechanisms leading to the development of NAFLD are not fully understood. The endoplasmic reticulum (ER) stress response has recently been proposed to play a crucial role in both the development of steatosis and progression to nonalcoholic steatohepatitis. ER stress is activated to regulate protein synthesis and restore homeostatic equilibrium when the cell is stressed due to the accumulation of unfolded or misfolded proteins. However, delayed or insufficient responses to ER stress may turn physiological mechanisms into pathological consequences, including fat accumulation, insulin resistance, inflammation, and apoptosis, all of which play important roles in the pathogenesis of NAFLD. Therefore, understanding the role of ER stress in the pathogenesis of NAFLD has become a topic of intense investigation. This review highlights the recent findings linking ER stress signaling pathways to the pathogenesis of NAFLD.
© 2013 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: Nonalcoholic fatty liver disease (NAFLD) is a progressive disorder that can lead to impaired liver function and, ultimately, liver failure. Chronic endoplasmic reticulum stress induces numerous intracellular pathways that can lead to hepatic steatosis, systemic inflammation, and hepatocyte cell death, all of which are keystones of NAFLD. This review highlights the recent findings linking ER stress signaling pathways with the pathogenesis of NAFLD, which may help identify novel therapeutic targets for the prevention and treatment of NAFLD.
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Introduction

In recent decades, nonalcoholic fatty liver disease (NAFLD) has increasingly been recognized as one of the most common chronic liver diseases. The reported prevalence of NAFLD in Western countries ranges from 30% to 46%[1,2]. This disease has also become prevalent in Eastern countries and has become a significant public health concern in these areas[3,4]. NAFLD encompasses a spectrum of liver damage ranging from steatosis to nonalcoholic steatohepatitis (NASH), which can progress to fibrosis, cirrhosis, and ultimately to liver failure or hepatocellular carcinoma[5,6]. Individuals with NAFLD are also at an increased risk of cardiovascular disease, type 2 diabetes, and obesity-related mortality[7-9]. 

The precise mechanisms of NAFLD remain poorly understood. The “multiple-hits hypothesis” is currently the most recognized theory to explain disease development and progression. The initial hit leads to the development of simple steatosis, while the following hits, including mitochondrial dysfunction, oxidative stress, adipocytokine alteration, lipid peroxidation, Kupffer cell activation, etc. results in liver cell inflammation and apoptosis, which finally leads from simple steatosis to NASH. Recently, accumulating data have implicated disruption of endoplasmic reticulum (ER) homeostasis, or ER stress, in both the development of steatosis and progression to NASH[10-12]. ER stress may lead to activation of various intracellular stress pathways that can initiate or exacerbate insulin resistance (IR) and inflammation and, in some cases, culminate in hepatocyte cell death and liver damage, all of which are important in the pathogenesis of NAFLD. Therefore, there is an urgent need to better understand the mechanisms that disrupt ER homeostasis and lead to activation of the unfolded protein response (UPR) in NAFLD. The aim of this review is to highlight the recent findings linking activation of ER stress and NAFLD development.

UPR and ER stress

The ER is a membrane-bound organelle that provides a specialized environment for the production and post-translational modification of secretory and membrane proteins, lipid biosynthesis, and homeostasis of intracellular Ca2+. In the ER lumen, newly synthesized proteins undergo post-translational modifications such as N-glycosylation, disulfide bond formation, and oligomerization, which require the presence of chaperone proteins. The ER is thus considered as a quality control checkpoint, and only correctly folded proteins can exit the ER and go through the secretory pathway.

Any event that disturbs ER folding capacity, such as excessive protein synthesis, accumulation of mutant misfolded proteins, ER calcium depletion, or a change in redox status, will induce a physiological reaction referred to as the UPR. These homeostatic responses trigger the production of additional chaperones to increase the folding capacity of the ER, enhance endoplasmic reticulum-associated protein degradation (ERAD), and reduce protein entry by altering the translation and synthesis of new proteins, thus bringing the organelle and the cell into a state of equilibrium[13-15].

The UPR is mediated by three integral proteins of the ER[16,17]: protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme-1 (IRE1), and activating transcription factor-6 (ATF6). These proteins are maintained in an inactive state as long as they are bound to binding immunoglobulin protein (Bip), which is an intraluminal chaperone. When the ER is stressed, Bip is displaced from these stress sensors, leading to their activation. Once activated, PERK phosphorylates and inhibits eukaryotic translation initiation factor 2α (eiF2α), resulting in a global decrease in protein translation. Moreover, p-eiF2α selectively promotes the translation of a growing number of mRNAs, including activating transcription factor 4 (ATF4) mRNA. Activation of IRE1 promotes the splicing of X-box-binding protein-1 (XBP1) mRNA and the subsequent transcription of molecular chaperones and genes involved in ERAD. Finally, activated ATF6 undergoes proteolytic cleavage in the Golgi, allowing its mature form to enter the nucleus and transactivate ER stress-related genes such as ER chaperones and foldases (Figure 1). 

Thus, the UPR is primarily a cytoprotective survival response that aims to regulate protein folding and restore homeostatic balance. However, when the activation of the UPR fails to promote cell survival, the cell is directed down the pro-apoptotic ER stress response pathway, which can ultimately lead to apoptotic cell death[18-20].
ER stress and NAFLD
Similar to other secretory cells, hepatocytes are rich in ER. Due to its high capacity for protein synthesis, the UPR/ER stress response plays important roles in both preventing and mediating pathological changes in various liver diseases[21,22]. The signaling pathways activated by ER stress have been linked to lipotoxicity, IR, inflammation, and apoptotic cell death, which are common to both obesity and NAFLD. Therefore, the role of ER stress in NAFLD has become a subject of considerable interest in recent years. The induction of ER stress was first described in the livers of genetic and diet-induced models of NASH[23]. Since then, these findings have been confirmed in other obese animal models[24-26] and in mice fed a methionine-choline-deficient (MCD) diet exhibiting hepatic steatosis without obesity[27]. Later, the activation of several UPR components was reported in the livers of patients with NAFLD or NASH[10,28]. Despite rapid growth in the field of ER stress research in the context of NAFLD, the exact contribution of the ER stress response to the pathogenesis of NAFLD remains to be fully elucidated. Here, we review and update the well-established associations between the ER stress response and NAFLD (Figure 2).

ER stress and lipid metabolism

The first step in the development of NAFLD is hepatic steatosis, which is characterized by macrovesicular accumulation of triglycerides in the cytoplasm of hepatocytes. Sources of increased hepatic lipids in NAFLD include 1) excess dietary chylomicron remnants; 2) increased de novo lipogenesis; 3) excess free fatty acids released from the lipolysis of adipose tissue; 4) diminished very-low-density lipoprotein (VLDL) secretion; and 5) reduced oxidation of fatty acids[29-31].

For approximately one decade, it has been known that ER stress can lead to altered lipid metabolism and hepatic steatosis. Recently, specific arms of the UPR and their downstream signaling molecules have been examined in cell culture and animal models to decipher their functions and roles in lipid metabolism. It is now well established that various components of the UPR signaling network play roles in the regulation of lipid metabolism.

First, the PERK-eiF2α-ATF4 pathway was reported to regulate lipogenesis and hepatic steatosis. PERK-dependent signaling has been found to contribute to lipogenic differentiation in the mammary epithelium, and deletion of PERK inhibits the sustained expression of the lipogenic enzymes fatty acid synthase (FAS), ATP-citrate lyase, and stearoyl-CoA desaturase-1 (SCD1)[32]. Oyadomari et al[33] reported that selectively compromising eiF2α-mediated signaling under ER stress conditions using GADD34, which acts to dephosphorylate eiF2α, results in diminished hepatosteatosis in animals fed a high-fat diet. Attenuated eiF2α phosphorylation is correlated with decreased expression of the adipogenic nuclear receptor peroxisome proliferator-activated receptor γ (PPARγ) and its upstream regulators, the transcription factors CCAAT/enhancer-binding proteins α and β (C/EBPα, C/EBPβ)[33]. Protein kinase-mediated p-eiF2α increases ATF4 translation. ATF4-knockout mice are protected from diet-induced obesity, hypertriglyceridemia, and hepatic steatosis, as ATF4 depletion results in significantly decreased liver and white adipose tissue expression of lipogenic genes, such as PPARγ, sterol regulatory element-binding protein-1c (SREBP-1c), acetyl-CoA carboxylase (ACC), and FAS[34-36]. Taken together, these results suggest that the PERK-eiF2α-ATF4 pathway plays an important role in promoting lipogenesis, both in the liver and other tissues. 

Second, the IRE1α-XBP1 pathway has been reported to be required for the maintenance of hepatic lipid homeostasis under ER stress conditions. Mice with a hepatocyte-specific deletion of IRE1α develop severe hepatic steatosis after treatment with an ER stress inducer due to the repressed expression of key metabolic transcriptional regulators, including C/EBPβ, C/EBPδ, and PPARγ, and enzymes involved in triglyceride biosynthesis[37]. IRE1α is also reportedly required for efficient apolipoprotein secretion upon disruption of ER homeostasis[37]. Moreover, the IRE1α-XBP1 pathway plays an essential role in the regulation of hepatic VLDL assembly and secretion, which is at least in part due to decreased microsomal triglyceride-transfer protein activity resulting from reduced protein disulfide isomerase expression[38]. In hepatocytes, XBP1 regulates hepatic lipogenesis by directly binding to the promoters of a subset of lipogenic genes, including SCD1, diacylglycerol acyltransferase-2 (DGAT2), and ACC2, and activating their expression[39]. Therefore, de novo lipid biosynthesis is reduced in the livers of mice with an XBP1 deletion[39]. 

Third, the ATF6 pathway also plays a role in stress-induced lipid accumulation. A close examination of the relationship between ATF6 activity and SREBP2-mediated lipogenesis has revealed that nuclear ATF6 interacts with the nuclear form of SREBP2, thereby antagonizing SREBP2-regulated transcription of lipogenic genes and lipid accumulation in cultured liver and kidney cells[40]. Moreover, ATF6α-knockout mice develop hepatic steatosis in response to an ER stress inducer as a result of reduced fatty acid β-oxidation and attenuated VLDL formation[41]. When fed a high-fat diet, ATF6α-deficient mice show a tendency to develop greater degrees of hepatic steatosis and glucose intolerance in association with increased expression of SREBP1c[42]. 

Taken together, all three proximal UPR sensors, including PERK, IRE1α, and ATF6α, can regulate lipid stores in the liver. Although the evidence summarized above provides strong support for ER stress response-induced steatosis, it remains uncertain whether a stressed UPR contributes to hepatic steatosis, or conversely, whether it is an adaptive response to restore hepatocyte function. Future studies should address this important issue.

ER stress and IR
IR is a disruption in insulin signaling in organs including the liver, fat, and muscle, and is a major characteristic of obesity, type 2 diabetes, and NAFLD. In the past decade, ER stress has emerged as an important factor that contributes to IR. 

Several mechanisms can account for the impact of ER stress and UPR signaling on hepatic IR. Ozcan et al[23] have demonstrated that ER stress induces hepatic IR through IRE1α-mediated activation of c-Jun N-terminal kinase (JNK), which impairs insulin signaling through the serine phosphorylation of insulin receptor substrate-1. Moreover, tribbles 3 (TRB3), an ER stress-induced protein, was suggested to induce IR via inhibition of Akt/PKB signaling[43]. Furthermore, PERK-mediated FOXO phosphorylation is also involved in ER stress-induced IR. FOXO is the Forkhead transcription factor that mediates many of the effects of insulin on the phosphatidylinositol 3-kinase (PI3-kinase) → Akt cascade. Inhibiting FOXO1 activity has been shown to improve insulin sensitivity in genetic and diet-induced models of IR in mice[44,45]. Inhibition of PERK also improves cellular insulin responsiveness at the level of FOXO activity[46]. Further support is derived from in vivo studies in XBP+/- mice fed a high-fat diet, which exhibit IR and type 2 diabetes in conjunction with an increased ER stress response due to impaired UPR protection[23]. Db/db diabetic obese mice, which overexpress the ER chaperone oxygen-regulated protein 150 (ORP150), demonstrate improved IR, whereas silencing ORP150 in normal mice decreases insulin sensitivity[47].
NAFLD is strongly associated with hepatic IR as well as reduced whole-body insulin sensitivity[48-50]. Despite mounting evidence indicating that ER stress is responsible for hepatic IR, the contribution of ER stress to IR in NAFLD remains uncertain. Few studies have comprehensively examined these potential mechanisms in humans. One study reported that phosphorylation of eiF2α and C/EBP-homologous protein (CHOP) protein expression increased with worsening IR in 37 obese, nondiabetic individuals. However, there was no significant relationship between HOMA-IR and the expression of other ER stress factors, including spliced XBP1 mRNA and JNK phosphorylation, arguing against a causal role for ER stress in IR[48].
ER stress and inflammation

Approximately 10%-20% of patients who have NAFLD develop inflammation and fibrosis, termed NASH, which is a more progressive, inflammatory disease phenotype of NAFLD. ER stress and related signaling networks are emerging as central pathways that regulate the key features of NASH. 

Several signaling pathways connect ER stress to inflammation, including 1) the production of reactive oxygen species (ROS); 2) the activation of the transcription factors nuclear factor-κB (NF-κB) and JNK; and 3) the induction of the acute-phase response. 

ROS are important mediators of inflammation. Protein folding in the ER is linked to the generation of ROS and oxidative stress[51]. An increase in the protein-folding load in the ER can lead to the accumulation of ROS, which might initiate an inflammatory response. However, the PERK pathway of the UPR can activate an antioxidant program to limit the accumulation of ROS in response to ER stress via phosphorylation of nuclear factor-erythroid-derived 2-related factor 2 (Nrf2). Phosphorylated Nrf2 translocates to the nucleus and activates the transcription of a set of antioxidant and oxidant detoxifying enzymes[52,53]. Therefore, Nrf2 deletion results in the rapid onset and progression of steatohepatitis in mice fed an MCD diet or a high-fat diet[54,55]. Nrf2 activators can attenuate oxidative stress-induced liver injury in nutritional steatohepatitis[56-58]. Thus, Nrf2 activation by pharmaceutical intervention could be a new option for the prevention and treatment of steatohepatitis. 

Activation of NF-κB and JNK is also involved in ER stress-induced inflammation. In response to ER stress, IRE1α binds to the adaptor protein tumor-necrosis factor-α (TNFα) receptor-associated factor 2 (TRAF2)[59]. The IRE1α-TRAF2 complex activates NF-κB and JNK, which in turn induce the synthesis of proinflammatory cytokines. Thus, IRE1α might provide a link between ER stress and inflammation[59]. Sustained ER stress can also activate NF-κB through the PERK and ATF6 branches[60-62]. Although the activation of NF-κB is detected in the MCD dietary model of steatohepatitis[63], it is presently unclear whether and how the ER stress-mediated activation of NF-κB is linked to NAFLD. Further studies will be needed to determine how ER-stress-induced signaling involving NF-κB and JNK might regulate inflammation, metabolism, cell survival, and apoptosis in NAFLD. 

CREBH is another example of a protein that links ER stress to inflammatory processes. CREBH is a liver-enriched transcription factor that is activated by a regulated intramembrane proteolysis (RIP) process upon ER stress. This transcription factor transactivates genes of the acute phase response, such as C-reactive protein (CRP) and serum amyloid P-component (SAP)[64]. CREBH expression is itself strongly induced by inflammatory cytokines such as TNFα and interleukin 6 (IL-6) or by lipopolysaccharide (LPS)[64], which also contributes to the maintenance of an inflammatory state during ER stress. Thus, ER stress in the liver may be linked to systemic inflammation via the RIP-mediated mobilization of CREBH. 

ER stress and apoptosis

Hepatocyte apoptosis is increased in patients with NASH, is correlated with disease severity[65], and has been proposed as a component of disease progression in NAFLD[66]. Chronic or unresolved ER stress can lead to apoptosis. Alteration in several signaling pathways are involved in ER stress-induced cell death, including 1) the induction of CHOP pathway; 2) the activation of the JNK pathway by IRE1-mediated recruitment of TRAF2; and 3) the disruption of the calcium homeostasis pathway.

CHOP, an ER-resident transcription factor that functions downstream of the transmembrane proteins PERK and ATF6, is perhaps the most well-characterized mediator of ER stress-induced cell death. Silencing CHOP reduces hepatocyte apoptosis in alcohol-induced liver disease and attenuates cholestasis-induced liver fibrosis[67,68]. However, the role of CHOP in NAFLD is paradoxical. One study demonstrated that CHOP depletion could reduce palmitate-induced apoptosis in hepatocyte cell lines, whereas MCD diet-induced liver injury was not reduced in CHOP knockout mice[69]. Moreover, another study showed that MCD diet-induced liver injury was even greater in CHOP-/- mice than in wild-type mice due to decreased cell death of activated macrophages[70]. Therefore, future studies in mice with tissue-specific CHOP deletions are needed to delineate the contribution of CHOP to the onset and progression of NASH. 

The IRE1 branch of the UPR also plays an essential role in ER stress-induced apoptosis. Phosphorylated, activated mammalian IRE1 interacts with the adaptor protein TRAF2 and promotes a cascade of phosphorylation events that ultimately activates JNK[59]. Caspase-12 is also recruited by the IRE1-TRAF2 complex in ER stress-induced apoptosis in mice[71]. Moreover, IRE1 physically interacts with Bax and Bak, two proapoptotic Bcl-2 family members that promote mitochondrial-dependent cell death[72].

Perturbations in ER calcium levels are also linked to apoptosis effectors. The ER lumen is a major site of calcium storage, and calcium homeostasis is critical for maintaining both ER folding capacity and cell viability. A disruption of ER calcium homeostasis inhibits the sarco/endoplasmic reticulum ATPase (SERCA) uptake pump, reduces the folding capacity of the ER, induces ER stress, and is an important mediator of ER-associated apoptosis[73]. Moreover, sustained accumulation of calcium in the mitochondrial matrix induced by ER stress triggers mitochondrial membrane permeability and activates the apoptotic pathway[74].

Despite all of these potential and emerging mediators, the exact role of ER-induced hepatocyte apoptosis in the pathogenesis of NAFLD is not well defined. Further studies are needed to elucidate the exact pathways that mediate ER stress-induced apoptosis in the progression of NASH. 

Conclusion

Despite the high prevalence of NAFLD in recent years, the mechanisms responsible for disease progression remains poorly understood. Chronic ER stress induces numerous intracellular pathways that can lead to NAFLD development and progression, including hepatic steatosis, systemic inflammation, and hepatocyte cell death. ER stress interferes with hepatic lipid metabolism by activating lipogenesis and limiting VLDL formation and secretion. ER stress also acts indirectly on liver triglyceride accumulation by promoting insulin resistance in both the liver and adipose tissue. Furthermore, ER stress promotes the activation of Nrf2, JNK, NF-κB, CREBH, and CHOP, which actively participate in the inflammatory process and cell death and provoke disease progression in NAFLD (Figure 2). Despite the many advances made in recent years, important questions remain. For example, is ER stress solely an adaptive response? Which of the UPR mediators are key players during the onset and progression of NAFLD? Which UPR pathway is linked with which specific cellular response? How does ER stress-induced signaling involving JNK, NF-κB, and CHOP regulate inflammation, metabolism, cell survival, and apoptosis in NAFLD? Studies that answer these questions could identify novel therapeutic strategies for the prevention and treatment of NAFLD.
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Figure 1 The unfolded protein response pathway. When the unfolded protein response is activated, the first event is the dissociation of the chaperone Bip from the three integral proteins PERK, IRE1, and ATF6, leading to their activation. When activated, PERK phosphorylates and inhibits eiF2α, leading to a global decrease in protein translation. Moreover, p-eiF2α activates ATF4, which induces the expression of several genes, including amino acid transporters, chaperones, and CHOP. Activation of IRE1 promotes the splicing of XBP1 mRNA and the subsequent transcription of molecular chaperones and genes involved in ERAD. Finally, activated ATF6 undergoes proteolytic cleavage in the Golgi, transactivating genes such as endoplasmic reticulum (ER) chaperones and foldases. Bip: binding immunoglobulin protein; ATF6: activating transcription factor-6; IRE1: inositol requiring enzyme-1; PERK: protein kinase RNA-like ER kinase; XBP1: X-box-binding protein-1; eiF2α: eukaryotic translation initiation factor 2α; ATF4: transcription factor 4; ERAD: endoplasmic reticulum associated protein degradation; CHOP: C/EBP-homologous protein.

Figure 2 Roles of endoplasmic reticulum stress in the development of steatosis and progression to nonalcoholic steatohepatitis. ER stress interferes with hepatic lipid metabolism by activating lipogenesis and limiting VLDL formation and secretion. ER stress also acts indirectly on liver triglyceride accumulation by promoting insulin resistance in both the liver and adipose tissue. Furthermore, ER stress promotes the activation of Nrf2, JNK, NF-κB, CREBH, and CHOP, which actively participate in the inflammatory process and cell death. ER: endoplasmic reticulum; VLDL: very-low-density lipoprotein; Nrf2: nuclear factor-erythroid-derived 2-related factor 2; JNK: c-Jun N-terminal kinase; NF-κB: nuclear factor-κB; CREBH: cyclic-AMP responsive element-binding protein H; CHOP: C/EBP-homologous protein; TRAF: TNFα-receptor-associated factor; TG: Triglyceride.
