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Abstract

The unfolded protein response (UPR) improves endoplasmic reticulum (ER) protein folding in 

order to alleviate stress. Yet it is becoming increasingly clear that the UPR regulates processes 

well beyond those directly involved in protein folding, in some cases by mechanisms that fall 

outside the realm of canonical UPR signaling. These pathways are highly specific from one cell 

type to another, implying that ER stress signaling affects each tissue in a unique way. Perhaps 

nowhere is this more evident than in the liver, which—beyond being a highly secretory tissue—is 

a key regulator of peripheral metabolism and a uniquely proliferative organ upon damage. The 

liver provides a powerful model system for exploring how and why the UPR extends its reach into 

physiological processes that occur outside the ER, and how ER stress contributes to the many 

systemic diseases that involve liver dysfunction. This review will highlight the ways in which the 

study of ER stress in the liver has expanded the view of the UPR to a response that is a key 

guardian of cellular homeostasis outside of just the narrow realm of ER protein folding.

Graphical Abstract

The unfolded protein response (UPR) restores ER homeostasis during stress. In the liver, the UPR 

is regulated by—and in turn contributes to—both metabolism and liver damage. This review 

highlights these connections and what they tell us about both the physiology and pathophysiology 

of the liver and the cell biology of the UPR.
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The canonical unfolded protein response: a primer

The basic mechanisms of UPR signaling were discovered over two decades ago in the yeast 

Saccharomyces cerevisiae. The central feature of the response is activation of an ER-resident 

stress sensing protein that initiates a signal transduction cascade upon ER stress, culminating 

in upregulation of genes encoding ER chaperones and other factors involved in efflux of 

proteins through the secretory pathway [1]. In yeast, this response is initiated entirely by the 

IRE1 protein. The vertebrate response includes two other stress-sensing molecules in 

addition to IRE1—namely PERK and ATF6—but the response is fundamentally conserved, 

in that upregulation of ER chaperones and related proteins is its central feature. Thus, in all 

eukaryotes and all tissues, disrupted ER protein folding is remedied by an augmented 

folding capacity.

Much of what is known about the basic mechanisms of ER stress signaling in vertebrates 

comes from in vitro studies in mouse embryonic fibroblasts (MEFs), which in the pre-

CRISPR era were the only cells in which genetic lesions in the UPR could be readily 

examined. This response, subsequently confirmed in other cell types, can be considered the 

canonical UPR. This canonical vertebrate UPR has been reviewed extensively elsewhere [2] 

and so will be only briefly summarized here. In short, accumulation of unfolded proteins in 

the ER leads to activation of IRE1 (a ubiquitous α form and a tissue-restricted β form), 

ATF6 (ubiquitous α and β paralogs, of which α is better understood) and PERK. Activated 

IRE1 splices Xbp1 mRNA to remove a 26-base intron, allowing for production of an active 

transcription factor. ATF6 is released to the Golgi during ER stress, where cleavage by 

Site-1 Protease and Site-2 Protease liberates a cytosolic fragment that is itself a transcription 

factor. Finally, activated PERK catalyzes phosphorylation of the translation initiation factor 
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eIF2α, which transiently arrests synthesis of most cellular proteins but stimulates translation 

of at least a subset of mRNAs bearing short open reading frames in their 5′ untranslated 

regions. Among these is the mRNA encoding ATF4, which is also a transcription factor. 

XBP1, ATF6, and ATF4 are all bZIP transcription factors—a family comprising several 

dozen members that form homo- or heterodimers and regulate diverse cellular processes [3]. 

With considerable overlap among the genes regulated by each of these three transcription 

factors, together XBP1, ATF6, and ATF4 regulate the expression of ER chaperones, factors 

involved in ER-associated degradation, and others that impinge directly on the ER protein 

processing capacity. The UPR also alleviates ER stress by mechanisms independent of 

transcription: both eIF2α phosphorylation by PERK and a process of degradation of ER-

associated mRNAs catalyzed by IRE1α—called regulated IRE1-dependent decay (RIDD)—

serve to reduce ER nascent protein influx.

The existence of ER stress is typically inferred from detection of UPR outputs—

upregulation of ER chaperones at the RNA and protein level, splicing of Xbp1 mRNA, and 

phosphorylation of eIF2α are among the more common readouts [4]. Directly detecting 

protein misfolding is much more challenging; in steady-state, the most common readouts are 

ER dysmorphogenesis—seen by electron microscopy (e.g. [5, 6])—or ER retention of 

proteins that would be ordinarily transited out of the secretory pathway (e.g. [7, 8]). Direct 

detection of stress in living cells by virtue of assessing protein aggregate formation [9] or 

decreases in ER chaperone mobility [10] is also possible, but in general approaches to 

monitoring ER function in vivo are lacking. Thus, most studies that assess “ER stress” 

instead assess UPR activation, which is not necessarily the same thing.

Cells in which ER stress cannot be alleviated (although how exactly “alleviated” is defined 

from the cell’s point-of-view is not well understood) can succumb to death, as described 

predominantly in cultured cell studies. This death involves elements of classical apoptotic 

pathways such as cleavage of caspases and activation of pro-apoptotic BCL2-family 

members ([11] and references therein). However, there is evidence that necrotic or 

pyroptotic death pathways might be activated in parallel (see below)—a distinction with 

important implications for liver pathophysiology. While the mechanisms by which ER stress 

leads to cell death are still, surprisingly, unclear, the transcription factor CHOP—also a bZIP 

factor—is known to be important in the process, as cells lacking CHOP are significantly 

(though not completely) protected from ER stress-induced cell death [12].

At the most basic level, persistent unmitigated ER stress can contribute to disease by 

eliciting inappropriate cell death, thereby compromising tissue function. This pathway likely 

contributes to a number of disease states, as seen in the broad protection conferred by CHOP 

deletion against a fairly wide array of experimental pathologies, including diabetes, 

atherosclerosis, Charcot-Marie Tooth disease, colitis, spinal cord injury, and exercise-

induced muscle damage [13–21]. But is this the only pathway by which ER stress causes 

disease? Is it possible that interactions between ER stress signaling and other physiological 

processes disrupt cellular function in other ways? Studying the UPR in MEFs, divorced from 

their physiological context, offers little insight into this question. It is here that studies in the 

liver have proven so valuable in highlighting a central physiological role for the UPR.
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The liver: a central, complex, tractable organ

The liver offers several advantages for understanding UPR signaling in vivo. Most notably, it 

is a highly secretory organ, responsible for the production of very low density lipoprotein 

(VLDL)—a massive, complex lipoprotein particle that is extruded through the secretory 

pathway—as well as secretion of nascent high density lipoprotein particles, albumin, blood 

clotting factors, and hormones. The bulk of the liver’s work is performed by hepatocytes, 

which make up approximately seventy percent of the organ’s cells and eighty percent of its 

mass. Consistent with this secretory role, hepatocytes display a highly elaborated rough ER; 

indeed, electron micrographs of the lamellar sheets of rough ER extending throughout the 

hepatocyte cytoplasm are quite often literally the “textbook picture” of the organelle. XBP1 

is required for embryonic liver development [22, 23], as it is for other highly secretory cells 

such as pancreatic acinar cells or B lymphocytes [22, 24]. (Surprisingly, IRE1α is not 
required for liver development [25]; this discrepancy has not yet been reconciled.) And 

while neither PERK nor ATF6 is strictly essential for liver development, deletion of any of 

the three UPR pathways results in adult liver phenotypes, particularly when dietary or 

pharmacological challenges are applied (see below). Thus, ER stress is of clear importance 

to liver function and dysfunction. (In addition to the extensive rough ER network, 

hepatocytes also contain ample smooth ER, due to the need for drug detoxification and lipid 

synthesis. How perturbation to the smooth ER does or does not elicit ER stress remains very 

poorly understood.)

Hepatic metabolic regulation

The liver plays a central role in the regulation of whole-body lipid and carbohydrate 

metabolism (reviewed in [26]). Along with muscle and white adipose, the liver is one of the 

major targets of insulin and glucagon, and is thus highly responsive to nutritional flux. 

Insulin has several effects on hepatocytes: it upregulates glycogen synthesis, whereby excess 

glucose is polymerized and stored for later glycogenolysis and release for distribution to 

other tissues when blood glucose levels begin to fall. Insulin also stimulates lipogenesis, i.e., 

the synthesis of lipids from carbohydrate precursors, which takes place at the ER membrane. 

As with glycogenesis, lipogenesis is an energy storage mechanism: fats are stored in the 

liver as triglycerides in lipid droplets, and these triglycerides can be liberated and used for 

VLDL production, to supply other organs with this dense energy source. Finally, insulin 

cues protein synthesis through activation of the mTOR pathway. Conversely, fasting and 

glucagon have opposite effects to insulin: stimulation of glycogenolysis, fatty acid oxidation, 

ketone body production, and gluconeogenesis—the process whereby acetyl CoA, produced 

by fatty acid oxidation, is converted into glucose. Importantly, gluconeogenesis contributes 

to glucose dysregulation in obesity and diabetes. The liver also produces FGF21 in response 

to fasting, which increases energy expenditure and sensitizes cells to the effects of insulin 

both in the liver itself and through its effects on distant tissues, particularly adipose (both 

brown and white) and the brain [27]. Beyond production and secretion of fats, the liver also 

contributes to their clearance. Dietary fats or fats liberated from adipose by lipolysis are 

taken up through hepatocyte cell-surface transporters, as is excess plasma LDL.
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Based on these processes, the liver is a major regulator of levels of both triglycerides and 

glucose in the blood and of metabolism in many tissues besides itself. As such, the liver 

plays a central role in the progression of the Metabolic Syndrome, which refers to the 

collection of conditions that occur as a consequence of obesity and include elevated blood 

sugar, triglyceride, and cholesterol, and is often associated with ectopic storage of 

triglyceride in the liver, known as nonalcoholic fatty liver disease (NAFLD) (reviewed in 

[28]). The continuing increase in the prevalence of obesity worldwide has provided extra 

impetus for understanding the factors that disrupt metabolism and insulin signaling in the 

liver, including ER stress.

Hepatic cell types and their interactions in liver damage

The other major cell types of the liver are cholangiocytes, which line the bile ducts that 

collect bile produced by hepatocytes and channel it to the gall bladder; Kupffer cells, which 

are liver-resident macrophages; endothelial cells that line the hepatic blood vessels; and 

stellate cells, which are fibroblast-like cells that are activated by inflammatory stimuli to 

deposit collagen and facilitate wound repair—a process that can result in liver scarring, or 

fibrosis, in the case of chronic inflammation [29]. The liver is also populated by various 

other immune cells as part of normal surveillance. The liver, unlike many other organs, is 

readily and efficiently targeted for manipulation of gene expression by several different 

methods. These include gene delivery by both adenoviruses and adeno-associated viruses 

(the latter of which, though limited in the size of insert which it can accommodate, has the 

advantage of eliciting little immune response) and direct DNA delivery by hydrodynamic 

injection of naked plasmid through the tail vein (reviewed in [30]). Further, the liver’s large 

size (approximately 1 gram in a 25 gram mouse), relative cellular homogeneity, and 

comparatively low expression of RNases make downstream molecular and biochemical 

analysis fairly simple.

The other remarkable feature of the liver is its substantial proliferative capacity, which 

paradoxically both protects the liver from damage and also contributes to chronic liver 

disease (reviewed in [31]). Perhaps because of its place in the portal circulation and its role 

in drug detoxification, the liver undergoes constant low-level cell proliferation and 

replenishment. The dramatic potential of this capacity can be seen during partial 

hepatectomy, when removal of up to two-thirds of the liver mass stimulates full regeneration 

of the organ. Liver damage, either small or grand, activates an inflammatory response 

dependent upon both resident Kupffer cells and infiltrating immune cells. These cells release 

inflammatory cytokines that stimulate hepatocellular proliferation and also stellate cell 

activation. In the context of acute injury, these protective responses help repair and restore 

the liver to normal function. However, in the case of chronic damage, these pathways can 

compromise liver function [32].

Chronic insults to the liver are many, the three most prevalent of which are alcoholism, viral 

hepatitis (principally Hepatitis B or C), and, increasingly, obesity. Though by distinct 

mechanisms, each of these insults results in liver damage (reviewed in [33]), the earliest 

manifestation of which is steatosis, or fat accumulation. Though occult and reversible, 

steatosis can progress to steatohepatitis, which is fatty liver with inflammation, of either the 
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alcoholic sort or nonalcoholic (NASH). Unchecked inflammation can progress to fibrosis 

and, eventually, cirrhosis, which ultimately requires a liver transplant. Hepatocellular 

carcinoma (HCC) typically arises in the context of a cirrhotic liver, and its prognosis is grim 

[34]. Some of the earliest studies to examine the role of ER stress in the liver reported that 

each of the three major stimuli—alcoholism, viral hepatitis, and obesity—also results in ER 

stress and UPR activation in the liver (see below). These findings raised the possibility that 

ER stress might play a role in the dysregulation of liver function that occurs during such 

stimuli. Moreover, they raised the question of whether ER stress might be more intimately 

tied to hepatic metabolism and regeneration beyond simply compromising liver function 

through ER stress-induced cell death—and thus whether the liver could deliver an expanded 

view of ER stress signaling.

Surprising roles for ER stress in liver function: initial findings

Initial inklings that the UPR might be intimately tied to liver function came from studies 

showing transcriptional signatures of ER stress in response to expression of selected proteins 

from the Hepatitis B [35] of Hepatitis C Virus (HCV) [36] genome, or from a subgenomic 

replicon of HCV (mice are not natural HCV hosts and so at the time expression of these 

partial HCV genomes was the best mouse model of HCV infection) [37]. At around the 

same time, a mouse model of alcoholism, using chronic intragastric infusion, was found to 

both raise plasma levels of homocysteine (as was known to occur in human alcoholics) and 

to elicit upregulation of ER stress markers in the liver. Treatment of mice with betaine, 

which is a methyl donor that allows conversion of homocysteine to methionine, reversed 

both liver damage and ER stress [38]. Together, these studies thus demonstrated a correlation 

between the two most common causes of fatty liver and ER stress.

The watershed finding, however, appeared in 2004, demonstrating a link between hepatic ER 

stress and insulin signaling [39]. Insulin resistance—i.e., the inability of peripheral tissues 

like the liver to respond to a given bolus of insulin—is the defining feature of the pre-

diabetic state. ob/ob or db/db mice—which are genetically impaired in appetite control—or 

mice fed a high fat diet (HFD) display progressive insulin resistance [40]. In both genetic 

and dietary models of obesity, mice showed activation of ER stress markers including 

phosphorylation of the mitogen-activated protein kinase JNK (c-JUN N-terminal kinase). 

JNK had previously been linked to IRE1 activation [41], and was already known to promote 

inhibitory serine phosphorylation of the insulin receptor substrate [42], which mediates 

insulin-dependent signaling [43]. Ablation of IRE1 in cultured cells instead promoted 

activating tyrosine phosphorylation of IRS1, providing evidence that IRE1 activation led 

directly to insulin resistance. Mice heterozygous for whole-body deletion of XBP1 

(Xbp1+/−) showed worsened glucose homeostasis and increased insulin resistance on a HFD, 

implying that a compromised ability to respond to ER stress could contribute to the 

pathology of the Metabolic Syndrome. This point was further supported by the 

demonstration that so-called pharmacological chaperones also improve insulin sensitivity 

and glucose parameters in ob/ob mice, particularly in the liver [44]. These agents included 4-

phenylbutyric acid (PBA) and tauroursodeoxycholic acid (TUDCA), both of which appear to 

functionally improve ER protein processing. (It should be noted that the mechanisms of 

action of PBA and TUDCA are not understood, and neither seems to act directly on the 
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protein folding process; both are defined as “pharmacological chaperones” based on their 

ability to reduce ER stress, and, circularly, presumed to reduce ER stress by virtue of being 

“pharmacological chaperones” In fact, PBA has been shown to affect hepatic lipid 

metabolism through induction of autophagy [45]) On the other hand, mice with an inducible 

deletion of XBP1 (though not liver-specific) showed increased hepatic ER stress and JNK 

activity, yet also increased insulin sensitivity, meaning that ER stress alone is not sufficient 

to cause insulin resistance [46].

Pathways from obesity to ER stress

A reporter for IRE1/XBP1 pathway activation confirmed that obesity elicits ER stress 

predominantly in the liver [47]. Further, insulin sensitivity and glucose regulation could be 

improved by hepatic overexpression of either of the two ER-resident HSP70-family 

chaperones, ORP150/HYOU1 [48] or BiP/GRP78 [49], which provided more direct 

evidence that perturbed ER protein folding in the liver specifically contributes to insulin 

resistance. How, then, does obesity disrupt ER function (Figure 1)?

Lipotoxicity and other pathways arising from excess fat

One possible means by which obesity elicits hepatic ER stress is lipotoxicity. As the fat-

storage capacity of white adipose becomes exhausted during obesity, increased lipolysis 

releases free fatty acids into the blood, which then get taken up ectopically by other tissues, 

most notably the liver [50]. Exposure to saturated fats elicited ER stress in hepatocytes both 

in vitro and in vivo [51, 52]. Saturated fats can be directly incorporated into the ER 

membrane, which decreases membrane fluidity due to the tighter packing of unkinked 

aliphatic hydrocarbon chains [53]. This altered membrane structure might affect ER protein 

processing indirectly, or might directly activate UPR sensors independent of the organelle’s 

protein folding status [54]. Given that at least IRE1 is activated by clustering [55], 

diminished membrane fluidity might favor persistent sensor activation. Both PERK and 

IRE1 appear to sense ER stress induced by saturated lipids through their transmembrane 

domains, rather than their ER lumenal domains [56]. That saturated fat in particular is 

lipotoxic to hepatocytes is seen by the fact that stearic acid (C18:0) elicited ER stress while 

oleic acid (C18:1) not only failed to induce ER stress, but also blunted the toxicity of stearic 

acid [57]. Scd1−/− mice, which cannot synthesize monounsaturated fatty acids, likewise 

showed markers of ER stress in the liver [58]. Similarly, animals kept on a diet high in 

saturated fat developed ER stress and liver damage, while animals fed a diet high in 

polyunsaturated fat did not [51]. Finally, the lipid remodeling enzyme LPCAT3 reduced ER 

stress and liver damage, and this effect was attributed to redistribution of cellular lipids to 

more highly unsaturated forms [59].

Ectopic lipid accumulation might also contribute to ER stress by stimulating production of 

VLDL. To generate a VLDL particle, the enzyme microsomal triglyceride transfer protein 

(MTTP) and its cofactor protein disulfide isomerase (PDI) coalesce triglycerides around 

nascent apolipoprotien B as this massive protein emerges into the ER during cotranslational 

translocation [60]. Providing intermediate concentrations of lipid to cultured hepatocytes 

stimulated VLDL production and also activated the UPR, possibly because of the need to 
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fold and modify ApoB [61]. Induction of VLDL also elicited JNK activation and led to 

insulin resistance in vitro and in vivo [62]. That it might be VLDL production and not lipid 

accumulation in the liver per se that leads to ER stress is suggested by the observation that 

inhibiting MTTP blocked VLDL secretion and led to fatty liver, but not to ER stress [63], 

thus dissociating steatosis from ER stress. Ultimately, a key test of the lipotoxicity 

hypothesis will be to block adipose lipolysis or hepatic uptake in obese mice. While adipose 

triglyceride lipase (ATGL) has been deleted in mice and this has been found to reduce ER 

stress [64], ATGL is also expressed in the liver; thus, an adipose-specific deletion will be 

necessary.

Obesity disrupts innumerable cellular pathways, and so ER stress in obese animals might be 

exacerbated by those pathways that impinge on ER function. A major role for the ER 

beyond protein folding is intracellular storage and regulated release of calcium (reviewed in 

[65]). The high calcium concentrations in the ER are maintained in part by the ability of a 

number of ER lumenal proteins to act as high-capacity low-affinity calcium binders. 

Consequently, many ER chaperones operate optimally at high calcium concentrations, and 

uncontrolled efflux of ER calcium is one of the stimuli traditionally used to elicit ER stress 

in vitro. One consequence of obesity is diminished expression of the SERCA2b (Sarco/

endoplasmic reticulum Ca2+-ATPase) protein, which contributes to calcium reuptake in the 

ER after release. SERCA overexpression in the livers of obese mice reduced steatosis and 

ER stress markers [66, 67].

Although the mechanism by which obesity dysregulates SERCA2b expression is not yet 

known, disrupted calcium homeostasis in the ER might contribute not only to ER stress but 

to altered metabolism as well. The ER makes close physical contacts with mitochondria, and 

one of the roles of these associations is regulated transfer of calcium between the two 

organelles [68]. Obesity has been shown to increase these associations, which could 

potentially overload the mitochondria with calcium and disrupt oxidative phosphorylation 

[69]. On the other hand, liver-specific knockout of MFN2, which contributes to ER-

mitochondria tethering [70], showed impaired insulin sensitivity and glucose homeostasis, 

along with apparently increased ER stress [71]. Thus, it might be that either too much or too 

little crosstalk between the two organelles could contribute to metabolic dysregulation 

during obesity. More broadly, the ER-mitochondria interactions are increasingly being 

recognized as crucial for numerous cellular processes including mitochondrial fission and 

dynamics, autophagy, and inflammation (reviewed in [72]). How these pathways of crosstalk 

contribute to liver dysfunction is an emerging area of interest.

Overfeeding cues

Although obesity elicits ER stress, it might be that overnutrition per se—i.e., taking in too 

many calories—causes or exacerbates hepatic ER stress independent of the associated 

obesity. The simple act of eating a meal after a prolonged fast is sufficient to activate the 

UPR in the liver in mice [73–75]. This finding suggests that feeding itself perturbs hepatic 

ER function, though presumably this perturbation and its downstream consequences are 

transient. To whatever extent feeding alters metabolism and glucose homeostasis through an 
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ER stress-dependent mechanism, overfeeding might lead to improper persistence of these 

mechanisms.

At least some of the effects of feeding on ER function are due to insulin, infusion of which 

is sufficient to elicit hepatic ER stress [76]. Insulin has myriad anabolic effects on 

hepatocytes, including stimulation of protein synthesis by activation of the mTOR pathway 

[77]. The tuberous sclerosis complex (TSC) proteins are negative regulators of mTOR 

signaling, and deletion of TSC1 or TSC2 in cultured cells caused constitutive ER stress that 

could be blocked with the mTOR inhibitor rapamycin [78]. Rapamycin also blocked UPR 

activation elicited by feeding after a fast [75]. Similarly, hepatic overexpression of the 

deacetylase SIRT1 (Sirtuin 1), which is an mTOR inhibitor [79], reduced ER stress and 

improved metabolic parameters [80].

The simplest hypothesis to account for the effects of insulin signaling on ER stress is that 

increased protein translation increases the influx of nascent proteins into the ER; as 

hepatocytes are highly secretory, presumably a high percentage of the proteome comprises 

secretory and membrane proteins. However, other insulin-dependent signaling pathways 

converge on UPR signaling as well, and might enhance the mTOR-dependent response. 

Among these is regulation of XBP1 by PI3 kinase. p85α and β are regulatory subunits of 

PI3 kinase, and XBP1 was pulled out from a screen of p85α-interacting proteins [81]. Both 

p85α and β could in fact interact with XBP1, and they promoted its nuclear translocation. 

Insulin activated PI3 kinase, and also stimulated the p85-XBP1 interaction. Nuclear 

translocation of XBP1 was blocked in p85α/β knockout cells, and overexpression of p85α 
or β improved glucose parameters and stimulated XBP1 nuclear translocation [82]. Nuclear 

localization of XBP1 and transcriptional activity were also enhanced in vitro and in vivo by 

phosphorylation by p38 MAP kinase [83] or IKKβ (IκB kinase) [84], and by the BRD7 

protein, which interacts with the p85/XBP1 complex [85]. Together, these findings suggest 

that UPR transcriptional output can be enhanced by signaling through insulin and other 

cellular pathways. As one of the central features of Metabolic Syndrome associated with 

obesity is insulin resistance, it could be that obesity-associated ER stress initially arises from 

insulin signaling, and that later, after insulin resistance develops and hepatocyte protein 

synthesis rates fall [67], ER stress is propagated by lipotoxicity instead.

When considering the pathways by which obesity leads to ER stress, it is important to 

distinguish between markers of UPR activation and the actual accumulation of misfolded or 

unfolded proteins in the ER lumen or the relative occupancy of the chaperones therein. 

Detecting UPR activation by target gene upregulation is relatively easy, although even then 

there is significant overlap between genes regulated by a bona fide ER stress and those 

regulated by other stresses that lead to eIF2α phosphorylation by non-PERK kinases [86]. 

But, more importantly, these readouts do not speak directly to the protein folding capacity of 

the ER, which is difficult to measure in vivo. In addition, each UPR pathway is activated 

with distinct kinetics, and there is evidence that the three pathways need not be activated in 

tandem at least under certain circumstances, meaning there is no such thing as a single 

invariant “UPR” [87–89]. The times at which ER stress is examined—not only time since 

the onset of stress but even circadian time [90]—greatly impact the output that is observed, 

which presents a confounding factor in comparing one study to another.
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The effects of chronic ER stress on liver function

A key question about the relationship between obesity and ER stress is the extent to which 

ER stress signaling mechanisms become fundamentally altered—such that the UPR no 

longer signals appropriately and thus fails to adequately protect cellular function—versus 

simply representing the consequences of a functionally intact UPR responding to stimulation 

far more frequently than it likely evolved to handle. There is evidence that obesity can alter 

both the sensitivity of the UPR and its ability to respond appropriately. BiP is a key regulator 

of ER stress signaling, since it both plays a major role in ER protein folding and binds to and 

regulates the activation of each of the three UPR stress sensors [91, 92]. Bip mRNA 

expression was suppressed in the livers of obese NAFLD patients prior to undergoing 

bariatric surgery compared to patients without NAFLD [93], implying that steatosis 

associated with obesity might impair Bip transcription and thus presumably render the ER 

hypersensitive to stress. The gluconeogenic transcription factor FOXO1 (Forkhead Box O1), 

which is repressible by insulin, can bind to the Bip promoter, and FOXO1 overexpression in 

the liver was sufficient to stimulate Bip upregulation [94]. Thus, overfeeding and the 

concomitant insulin persistence might lead to quasi-permanent repression of Bip. In 

addition, obese mice also appear—by an as-yet unknown mechanism—to lose expression of 

ATF6α [95], which is a major stress-dependent regulator of Bip and other ER chaperones 

[96]. Moreover, a recent study demonstrated that obesity leads to S-nitrosylation of ER 

proteins in the mouse liver, including nitrosylation of IRE1α; liver-specific restoration of 

nitrosylation-resistant IRE1α then improved insulin sensitivity in ob/ob mice [97]. Together, 

these findings suggest that obesity might neuter otherwise protective UPR signaling.

Experimental attempts to create chronic ER stress

Obesity—along with other stimuli like alcoholism or viral hepatitis—are widely considered 

to represent forms of chronic ER stress. But what does “chronic ER stress” actually look 

like, and how does the cell respond to it? It is not necessarily the case that the cellular 

response to chronic ER stress is an extended version of the response to acute stress. Even 

without external influences such as loss of ATF6α or nitrosylation of IRE1α described 

above, it is possible that the various feedback loops embedded within UPR signaling alter 

the response’s output when it is chronically activated. Currently, most of what is known 

about UPR signaling pathways comes from studying acute ER stresses in vitro. While this 

approach has been instrumental in fleshing out the framework of the UPR, it says very little 

about how the pathways behave during chronic stress, particularly in vivo. By contrast, the 

stimuli that are presupposed to elicit chronic ER stress in vivo, such as obesity and others, 

influence many other cellular pathways, which might themselves impinge on ER function.

Bridging this gap requires good in vivo models of chronic ER stress specifically. One way of 

accomplishing this is by genetic mutations that compromise ER function. In zebrafish, the 

foie gras mutant, which disrupts a gene involved in ER-to-Golgi vesicular traffic [98], leads 

to ER stress and hepatic steatosis [99]. Such a mutant recapitulates a truly chronic stress, 

although it does not allow the duration of intensity of the stress to be varied. Longer-term 

ER stress (at least over two days) can also be elicited in fish by growing embryos in water 

containing various doses of an ER stressor. This approach demonstrated that, while ER 
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stress was elicited at all doses, only the strongest treatments also led to hepatic lipid 

dysregulation [88]. Similarly, we challenged mice every day for up to two-and-a-half weeks 

with a very low dose of the ER stressor tunicamycin. Surprisingly, this treatment led to 

quasi-stable suppression of Bip mRNA expression, reminiscent of Bip suppression seen in 

obese animals [100]. This suppression was attributed to the ability of the UPR to rapidly 

deactivate itself after each bout of stress, in part by maintaining activity of the RIDD 

pathway. Although repeated treatment with tunicamycin is far from physiological, and was 

carried out over days rather than months or years, the study demonstrated proof-of-principle 

that chronic ER stress can lead to unexpected UPR outcomes without external factors 

necessarily impinging on UPR signaling.

Regulation of metabolism by hepatic ER stress

As efforts to model viral hepatitis, alcoholism, and obesity in mice showed that these 

conditions were associated with ER stress, parallel efforts to determine the physiological 

consequences of UPR ablation provided hints of mechanistic links between UPR signaling 

and steatosis and liver damage. A trio of papers in 2008 together linked each UPR pathway 

to hepatic lipid homeostasis. Liver-specific ablation of XBP1 was found to reduce plasma 

lipid content without promoting hepatic steatosis. Based on induction of Xbp1 mRNA 

splicing, upregulation of lipogenic genes, and binding of XBP1 to lipogenic gene promoters 

in mice fed a high fructose diet (HFrD), XBP1 was proposed as a direct regulator of 

lipogenesis [101]. Subsequent work has shown that many of the effects of XBP1 deletion are 

attributable to compensatory hyperactivation of IRE1 [102] (and this may be true for the 

impaired insulin sensitivity in Xbp1+/− mice as well [39]), and called into question whether 

XBP1 in fact promotes lipogenesis [103, 104]. Nonetheless, this initial finding demonstrated 

a link between the IRE1-XBP1 axis and hepatic lipid homeostasis. At around the same time, 

animals with impaired eIF2α phosphorylation in the liver were shown to have heightened 

insulin sensitivity and improved glucose homeostasis, and to be resistant to HFD-induced 

fatty liver [74]. The suppressed induction of lipogenic genes in those animals gave rise to the 

hypothesis that eIF2α phosphorylation promotes translational regulation of lipogenic 

regulators. Finally, animals constitutively lacking ATF6α were found to accumulate 

dramatic amounts of lipid in the liver upon challenge with ER stress inducing agents [105]. 

This accumulation was accompanied not only by impairment of VLDL secretion—which 

might be expected in animals subjected to a harsh ER stress and with a compromised ability 

to respond to that stress—but also by apparent transcriptional suppression in the liver of a 

host of genes involved in both lipogenesis and fatty acid oxidation. However, there was no 

direct role for ATF6α in this regulation; rather, the same basic phenotype was elicited in 

animals with liver-specific ablation of PERK [106] or IRE1 or non-phosphorylatable eIF2α, 

or of animals with an intact UPR but lacking the ER cochaperone p58IPK [105]. In fact, even 

wild-type animals suppressed lipid metabolic genes upon challenge with an ER stressor; this 

regulation was only more profound and persistent in animals with a compromised UPR. 

Together, these three studies suggested that, not only does lipid accumulation cause ER 

stress in the liver, but ER stress in the liver can also disrupt lipid metabolism. But toward 

what end? Why does a response tasked with protecting ER function regulate lipogenesis, 

which occurs on but outside of the ER, and fatty acid oxidation, which largely takes place in 
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mitochondria? And by what mechanisms are such pathways regulated? The predominant 

transcription factors of the UPR—XBP1, ATF4, and ATF6—are all activators, so by what 

mechanisms are metabolic genes regulated?

Indirect control of metabolism by the UPR

Since the initial studies described above, it has become clear that there is an association 

between stimuli that lead to ER stress and dysregulated hepatic lipid metabolism. These 

include: knockout of the PA28 regulatory subunit of the proteasome [107]; knockout of 

SIRT7, which leads to enhanced ribosomal biogenesis and, potentially, increased protein 

synthesis [108]; knockout of LRH1/NR5A2, which compromises ATF2-dependent 

transcription [109]; and loss of CPEB4, which is a circadian-regulated poly(A) binding 

protein that controls mRNA localization [110]. However, from these studies the arrow of 

causation is not clear: does ER stress dysregulate lipid metabolism, or does altered lipid 

metabolism cause ER stress?

Mechanistic studies of lipid dysregulation in UPR-compromised animals have pointed to 

mechanisms by which the UPR controls metabolic pathways; much of this attention has 

focused on the IRE1/XBP1 pathway in the context of altered diets. Animals with liver-

specific loss of IRE1α are sensitive to ER stresses of various sorts, and develop steatosis 

under such conditions in part due to failure to efficiently secrete VLDL [105, 111]. These 

animals also became steatotic under the milder stress of a high fructose diet, during which 

they were found to have diminished levels of plasma triglyceride but unaffected plasma 

levels of ApoB [103]. This finding suggested that Ire1α−/− livers secrete VLDL with 

diminished triglyceride content. Indeed, expression of the MTTP cofactor PDI was reduced 

in Ire1α−/− livers, and inhibition of MTTP phenocopied the VLDL lipidation defect, while 

overexpression of XBP1 or PDI in cultured hepatocytes rescued. It is worth noting that the 

best-known function of PDI is not as MTTP’s cofactor, but as an oxidase and isomerase, 

responsible for disulfide bond formation and rearrangement on ER client proteins [112].

Another XBP1 target gene in the liver is GALE, the role of which is to shunt sugars away 

from metabolic pathways and toward biosynthetic pathways. These include the formation of 

dolichol-linked oligosaccharides used during N-linked glycosylation, which is an ER-

specific post-translational modification that is critical in proper ER protein folding [113]. 

The GalE promoter contains an XBP1 binding site, and the diversion of hepatic glucose 

caused by XBP1 overexpression had systemic effects on plasma glucose [114]. Together, 

these findings illustrate how the UPR’s attempts to enhance protein processing—via 

disulfide bond formation or N-linked glycosylation—can have knock-on effects on 

metabolism.

Not all of the phenotypes of Ire1α−/− livers are attributable to XBP1. Comparing gene 

expression in animals lacking both IRE1α and XBP1 in the liver against those lacking only 

XBP1 revealed that regulation of some genes was IRE1-dependent but XBP1-indepenent. 

These included ANGPTL3, which is secreted by the liver, controls plasma lipoprotein 

clearance [115], and was elevated when IRE1 was lacking. This and other genes were 

identified as potential RIDD targets [102]. As one of the major functions of RIDD is to 

relieve the burden of nascent protein synthesis in the ER, this finding also underscores the 
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indirect impact of the UPR on metabolic pathways. Likewise, liver-specific inhibition of 

eIF2α phosphorylation impaired insulin sensitivity in muscle and fat, likely due to 

overproduction of secreted factors such as IGFBP3 that would otherwise be translationally 

repressed by eIF2α phosphorylation [116].

Transcriptional control of metabolic genes by the UPR

UPR transcription factors can also interact with and alter the activity of transcription factors 

governing other cellular processes, including metabolism (Figure 2). In some cases, these 

interactions are direct. Overexpressed XBP1 can promote the degradation of the FOXO1 

transcription factor in vitro and in vivo [117]. Since FOXO1 promotes gluconeogenesis, 

expression of XBP1—even an XBP1 with its DNA binding domain deleted—can improve 

glucose homeostasis in both ob/ob mice and streptozotocin-treated mice (a model for Type I 

diabetes). Alternatively, UPR transcription factors can bind to cofactors that would 

otherwise regulate the activity of metabolic transcription factors, or bind directly to 

metabolic transcription factors and so influence their activity. This phenomenon appears to 

account for the ability of ATF6 to inhibit gluconeogenesis [95, 118]. ATF6 binds to the 

cofactor CRTC2, which ordinarily binds to and stimulates the activity of the gluconeogenic 

transcription factor CREB [95]. ATF6 has also been shown to interact with the master 

regulator of fatty acid oxidation, PPARα, and antagonize its activity, potentially accounting 

for fatty liver development and insulin resistance in mice expressing a dominant negative 

ATF6 on a high fat/high sucrose diet [119]. (On the other hand, knockdown of ATF6 reduces 
hepatic steatosis in response to ethanol exposure in zebrafish larvae [120], so how ATF6 

interacts with metabolic transcriptional regulators might depend heavily on both 

environmental and developmental context).

Some metabolic genes are direct targets of UPR factors. In wild-type animals, tunicamycin 

treatment results in moderate steatosis, part of which arises from failure to secrete 

triglyceride in the form of VLDL from the dysfunctional ER [105]. However, other 

mechanisms contribute as well, including increased hepatic uptake of circulating VLDL. 

ATF4 upregulated the VLDL receptor in hepatocytes (VLDLR is not normally expressed in 

these cells), and Vldlr−/− mice were partially protected from tunicamycin-induced hepatic 

steatosis [121]. ER stress also resulted in upregulation of FGF21 via ATF4 and, as a result, 

increased serum FGF21 [122, 123]. We showed that pharmacological ER stress also inhibits 

hepatic fatty acid oxidation; this is likely due to genetic suppression of genes that regulate 

the process [73]. This suppression is partially due to the action of CHOP. Although CHOP is 

best known as an inducer of cell death during ER stress, it is a member of the C/EBP family 

of transcriptional regulators, which have diverse roles in regulating cell proliferation and 

metabolism [124]. As we showed, CHOP binds to C/EBP binding sites in the promoters of 

key metabolic genes, including the master regulator of fatty acid oxidation PPARα. The 

suppression of Pparα and other metabolic genes was blunted in Chop−/− mice, although 

CHOP overexpression alone was not sufficient to suppress such genes, implying the 

existence of an additional stress-dependent regulator [125]. Paradoxically, CHOP also 

contributed to suppression of the lipogenic gene Srebf1, which implied that CHOP might be 

capable of inhibiting either fatty acid oxidation or lipogenesis, depending on context. The 

ability to also suppress lipogenesis might explain why Chop−/− mice actually have fattier 
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liver than wild-type animals on a HFD [126, 127] although this idea has not been tested. The 

stress-dependent CHOP-independent signal that regulates metabolic genes during ER stress 

has also not yet been identified, but might involve translational regulation of the metabolic 

transcription factor C/EBPβ [128] or inhibition of the metabolic regulator HNF4α [129]. 

Another potential factor is CREBH, a liver-specific transmembrane transcription factor that, 

like ATF6, is cleaved in the Golgi upon activation (see Box 1).

Box 1

CREBH: a potential link between ER stress, inflammation, and metabolic 
regulation

Canonical UPR signaling proceeds through the three ubiquitously expressed stress 

sensing molecules, IRE1α, PERK, and ATF6 (α and β). Yet ATF6 is a member of a 

family of related transmembrane transcription factors that are activated upon ER stress by 

proteolytic cleavage in the Golgi. These include Luman, BBF2H7, CREB4, OASIS, and 

CREBH. These factors all seem to serve more specialized roles in linking ER 

homeostasis to other cellular processes [176]. CREBH is of particular interest here 

because its expression is restricted to the liver [177, 178], and the protein appears to 

directly connect ER stress to metabolism.

CREBH is dispensable for liver development [179]; however, the protein is responsive to 

and also regulates both metabolic and inflammatory pathways. In vivo, both expression 

and cleavage of CREBH are induced by either ER stress or inflammatory signals, 

whereas in vitro only ER stress results in significant cleavage [180]. Therefore, cleavage 

by inflammatory signals in vivo likely requires a non-cell-autonomous secondary signal 

that in turn elicits ER stress. Activated CREBH then augments the transcriptional 

upregulation of UPR targets by binding to unfolded protein response elements (UPREs; 

sites which are also recognized by ATF6 and XBP1). It also binds to UPRE-like sites in 

the promoters of Crp and Apcs, genes involved in the inflammatory response [180]. 

Therefore, CREBH likely contributes to the initiation of inflammation by ER stress and 

the augmentation of UPR signaling by inflammation. CREBH is also required for the 

upregulation of hepcidin, which is secreted by the liver during inflammation and inhibits 

iron export from macrophages and enterocytes, thus dropping plasma iron levels [181]. 

This response is believed to be a defense against pathogens that require iron, but leads to 

non-productive anemia in the case of sterile inflammation.

Examining the phenotypes of mice lacking CREBH has highlighted a metabolic role for 

this protein as well. CREBH is a transcriptional target of HNF4α [179], which plays 

integral roles in both liver development and hepatic lipid metabolism. Fasting upregulates 

CREBH expression, and CREBH stimulates hepatic gluconeogenic gene transcription in 

concert with the coregulator CRTC2 [182]. Crebh−/− mice on an atherogenic diet (high in 

fat, cholesterol, and cholate) develop steatosis, and CREBH binds to promoters of genes 

involved in both lipogenesis and fatty acid oxidation [183]. As these are competing 

processes, it seems likely that the effects of CREBH on metabolism depend highly on 

context and the cofactors that are present. Recent evidence suggests that CREBH activity 
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displays a circadian periodicity [184, 185], and so diurnal cycles might be one factor 

influencing CREBH output.

While CREBH serves as a potential bridge between ER stress and both inflammation and 

metabolic regulation, it remains an open question to what extent CREBH activity truly 

depends on ER stress and to what extent UPR output in the liver during physiological 

stresses truly depends on CREBH. CREBH appears to undergo a fairly significant 

amount of cleavage basally, meaning that its activity could be regulated solely by changes 

in its expression independent of ER stress. Likewise, although CREBH clearly enhances 

UPR output during pharmacological stress, it might not affect expression of ER 

chaperones during normal metabolic flux [182].

Influence of metabolic flux on ER protein folding

Some of the regulatory steps described above—such as upregulation of GALE or PDI—can 

be seen as directed toward the improvement of ER function with ancillary consequences for 

metabolism. However, the logic behind suppression of fatty acid oxidation by the UPR is 

less clear, since fatty oxidation is largely a mitochondrial process. We showed that inhibition 

of fatty acid oxidation protects hepatocytes in vitro and in vivo from ER stress, implying that 

the inhibition of this process also benefits ER function [130]. One of the consequences of 

fatty acid oxidation is production of acetyl CoA, the oxidation of which by the TCA cycle 

produces NADH but also, particularly in the liver, NADPH [131]. NADPH is a cofactor for 

glutathione reductase, which generates reduced glutathione for anti-oxidant defense, at the 

expense of oxidized glutathione. Oxidized glutathione, however, helps buffer the protein 

oxidizing capacity of the ER lumen, where disulfide bonds must be formed on nascent 

proteins [132]. Thus, one hypothesis is that inhibiting fatty acid oxidation spares oxidized 

glutathione for the purposes of maintaining the ER oxidative folding capacity, at the expense 

of defense against reactive oxygen species. In support of this idea, inhibiting fatty acid 

oxidation made the ER more oxidizing, and inhibiting NADPH production or glutathione 

reduction also protected against ER stress [130]. However, whether inhibition of fatty acid 

oxidation occurs during more physiological stresses has not been tested, and whether that 

inhibition would be protective under such circumstances has yielded conflicting results 

[133–136]. The direct regulation of metabolism by the UPR also raises the more general 

possibility that steatosis elicited by ER stress is a protective, rather than maladaptive, 

response.

ER stress in liver damage and inflammation

Steatosis is typically the first step along the pathway of liver damage. The fact that ER stress 

in the liver can regulate lipid metabolism through both direct and indirect mechanisms 

already positions ER stress as an instigating factor in liver disease. However, the progression 

of liver disease beyond steatosis requires inflammation, usually incited by signals released 

from damaged, dying, or dead cells [137]. The process involves both immune cells and 

stellate cells. Does ER stress contribute to hepatic inflammation and its consequences, 

including fibrosis and hepatocellular transformation? And if so, is it simply through the 

execution of cells that are overwhelmed by ER stress, or is the role of the UPR more 
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complex? Recent work has implicated ER stress in liver damage incited by many different 

causes, and is revealing a unique role for the UPR in the cycles of cell death, immune cell 

recruitment, and hepatocyte proliferation that characterize liver disease (Figure 3).

Inflammation through stress-induced cell death

Among the stimuli that elicit ER stress in the liver besides obesity, alcoholism, and viral 

hepatitis are acetaminophen [138], which causes oxidative damage due to a hepatic 

metabolite; methionine/choline-deficient diet (MCD) [139], which elicits fatty liver and 

inflammation reminiscent of human NASH; and CCl4 [140], which stimulates fibrosis in the 

absence of steatosis. As with obesity-induced liver dysfunction [44], pharmacological 

chaperones like TUDCA or PBA reduced hepatic ER stress [141, 142]. More importantly, 

liver-specific loss of BiP resulted in ER stress, steatosis, liver damage, and exacerbated 

injury from ethanol, HFD, CCl4, or HIV proteasome inhibitors [143]. Therefore, it can be 

concluded that intact ER protein folding is required for maintaining basic liver function. 

Likewise, mice with a liver-specific knockout of XBP1 showed enhanced fibrosis and liver 

damage on a high fat/high sugar diet [144], as did mice with a liver-specific inability to 

phosphorylate eIF2α upon a high fructose diet [145], suggesting that the protective capacity 

of the UPR is required to maintain liver integrity. (On the other hand, mice lacking XBP1 

were actually protected from toxicity induced by acetaminophen. This protection was due to 

compensatory hyperactivation of IRE1 and concomitant RIDD-mediated degradation of 

mRNAs encoding enzymes responsible for hepatotoxic metabolization of the drug—

rendering protective UPR signaling unnecessary [146].)

How then does ER stress promote liver damage? The simplest model would be that some 

hepatocytes would succumb to over-exuberant UPR signaling during ER stress conditions, 

initiating cell death processes that not only kill compromised hepatocytes but also activate 

inflammatory cascades, thereby setting in motion the pathway to steatohepatitis and fibrosis. 

However, one of the problems with this model is that not all types of cell death are pro-

inflammatory; indeed, apoptosis is defined as “silent” in part by its supposed non-

inflammatory nature, and although the pathways of ER stress-induced cell death are still not 

well understood, apoptotic death is almost certainly involved (reviewed in [147]). Animals 

with a constitutive deletion of CHOP show dampened markers of hepatic inflammation and 

liver damage under basal conditions [126, 148], seemingly supporting the idea that CHOP-

induced cell death is not exclusively apoptotic, or at least not non-inflammatory. Based on 

this finding, one might predict that Chop−/− animals would be protected from stimuli that 

incite liver damage. While this is true in some cases—e.g., Chop−/− mice showed diminished 

fibrosis, necrosis, and apoptosis in animals that have undergone bile duct ligation as a model 

for cholestatic liver injury [149]—it is not true in others. Surprisingly, Chop−/− mice were 

sensitized to liver injury induced by HFD or by MCD diet [127]. The reason for this 

sensitivity likely owes to the interplay between hepatocytes and immune cells in driving 

liver inflammatory cascades: while hepatocyte cell death can incite these cascades, they rely 

on activated macrophages and other immune cells for their propagation [150]. Macrophages 

lacking CHOP were more susceptible to cell death induced by palmitic acid. To the extent 

that the lipotoxicity that accompanies steatosis represents an ER stress on all the cells of the 

liver, then the role of CHOP in promoting cell death would be expected to exacerbate liver 
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injury by its effect in hepatocytes but attenuate it by its effect in fibroblasts. Supporting this 

idea, both transfer of Chop−/− macrophages to wild-type animals and transfer of wild-type 

macrophages to Chop−/− animals attenuated the liver damage seen by MCD diet in 

constitutive Chop−/− animals [127]. In other words, inflammation and liver damage are 

thwarted either if (a) there is no CHOP in hepatocytes to promote hepatocyte cell death, or if 

(b) CHOP in macrophages, other immune cells, or stellate cells promotes the death of those 

cells.

Intersection of ER stress and inflammatory signaling pathways

How does ER stress-induced cell death promote inflammation? One possible mechanism is 

if the cell death in hepatocytes elicited by ER stress is apoptotic but nonetheless results in 

the activation of macrophages that clear the dead cell remnants. Increased hepatocyte 

apoptosis is seen in human alcoholic steatohepatitis and NASH arising from various causes 

[151, 152]. ER stress-induced cell death involves classical markers of apoptotic cell death 

such as activation of Caspase-3 and formation of the mitochondrial outer membrane pore 

[153]. If the capacity of the liver to clear apoptotic figures is exceeded, then these dead cells 

might spontaneously rupture, releasing damage-associated molecular patterns (DAMPs) that 

stimulate immune cell recruitment and activation [154]. Alternatively, macrophage-mediated 

clearance of apoptotic bodies in the liver can itself be an activating stimulus [155]. However, 

the fact that death induced by ER stress is sometimes apoptotic does not exclude that it 

might also proceed by other mechanisms in some cells. Indeed, in other cell types, ER stress 

has been shown to activate the NLRP3 inflammasome, which is a molecular complex that 

results in the production and release of inflammatory cytokines prior to cell rupture [156, 

157]. Inflammasome activation in response to ER stress has recently also been demonstrated 

in the liver, including activation of Caspase-1 and release of IL-1β, and the process was 

CHOP-dependent [142]. Consistent with this idea, loss of Caspase-1 diminished liver 

damage in mice challenged with tunicamycin [158]. That ER stress generally elicits 

inflammatory signaling in hepatocytes is also seen in the coincidence of ER stress and 

activation of JNK, NF-κB, and IRF3 [159, 160]. Alternatively, or perhaps in addition, ER 

stress-induced cell death might be necrotic; perpetuating eIF2α signaling in the liver during 

partial hepatectomy led to cell death that was dependent on the necrotic factor RIP3 [161]. 

ER stress can also influence the propagation of inflammatory signals generated by other 

cells. ER stress signaling has been shown to influence the ability of the pro-inflammatory 

cytokine IL-6 to cause STAT3 activation, with consequences for both glucose metabolism 

[162] and liver damage and compensatory proliferation [163].

ER stress in hepatocellular carcinoma

The intersection between ER stress, metabolism, liver damage, and inflammation is of its 

most profound consequence during the pathogenesis of HCC. ER stress is associated with a 

number of cancers, including breast, colon, prostate, brain, and lung. In these contexts, it is 

thought that the ability of the UPR to promote adaptation to stress allows tumor cells to 

survive, and that tipping the balance to stress-induced cell death could prove therapeutically 

useful [164]. The association of ER stress with viral hepatitis, alcoholism, and obesity, all of 

which are risk factors for HCC, suggested that it might contribute in some way to HCC 
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initiation and/or progression. Early evidence suggested that ER stress markers are elevated 

in human HCCs [165]. Subsequently, it has become clear that ER dysfunction can drive 

HCC formation, as tumors could be generated simply by overexpressing a misfolded ER 

client protein in the context of a HFD [166] or by liver-specific loss of the ER chaperones 

BiP or GRP94 [167, 168]. What was most notable about HCC induced by loss of BiP or 

GRP94 is that, in both cases, the tumors themselves were populated by non-deleted cells. 

How can chaperone deletion stimulate formation of tumors without that same deletion? One 

hypothesis is that ER stress in some cells can promote transformation non-cell 

autonomously. These findings are consistent with the model that anti-adaptive ER stress 

signaling can promote liver damage, inflammation, and compensatory proliferation of other 

hepatocytes in the process of tumor initiation, while adaptive ER stress signaling then 

promotes tumor progression. The idea that ER stress-induced hepatocyte death actually 

drives HCC formation is substantiated by the finding by us and others that animals lacking 

CHOP are partially protected from chemically-induced HCC [148, 169]. A priori, one might 

expect animals lacking the pro-apoptotic CHOP protein to be sensitized to HCC, as impaired 

stress-induced cell death should promote tumor progression. Indeed, liver tumors of Chop−/− 

animals displayed reduced cell death. However, Chop−/− livers also showed reduced markers 

of inflammation and proliferation. Thus, CHOP on balance appears to promote HCC rather 

than protect against it.

Progression from liver insults to HCC involves not only hepatocytes but also macrophages, 

which mediate immune and inflammatory responses, and stellate cells, which when activated 

deposit the collagen that marks the fibrotic milieu in which HCC develops. Beyond a simple 

cycle of cell death and compensatory proliferation, there is evidence that these other cell 

types in the liver are involved in propagating ER stress signals. Conditioned media from 

liver tumor cells subjected to ER stress in vitro activated macrophages in vitro and in vivo, 

and this effect was dependent on toll-like receptor signaling [170]. Thus, cells experiencing 

ER stress can release diffusible signals that alter inflammatory progression. In support of 

this idea, ER stressed hepatocytes have been shown to secrete both the inflammatory 

cytokine TNFα [171] and ceramide-rich extracellular vesicles [172], both of which can 

affect macrophage activity. ER stress was also seen in hepatic stellate cells upon liver injury 

[173], and HSC activation induced by TGFβ required IRE1α signaling [174]. It is possible 

that the expansion of the secretory apparatus required for activated HSCs to produce 

collagen fibers is the source of this ER stress. In support of this idea, XBP1 induction by 

HSC differentiation occurred prior to maximal upregulation of collagen and other 

differentiation markers, and overexpression of XBP1 was sufficient to enhance collagen 

expression [175]. Thus, ER stress signaling might anticipate, rather than react to, collagen 

production. Taken together, these studies suggest that the role of ER stress signaling in HCC 

is complex, and any therapeutic strategy that targets ER stress signaling will have to account 

for its different roles in tumor initiation and progression, and in hepatocytes versus 

macrophages and stellate cells.

Conclusions and Perspectives

The goal of this review was not to document every way in which ER stress is implicated in 

liver function and dysfunction, but instead to highlight those connections that reveal novel 
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features or consequences of UPR signaling. Broadly, these fall into three categories: (1) how 

nutritional signals elicit ER stress; (2) how the UPR regulates metabolism and other parallel 

cellular processes and the consequences of this regulation for liver function; and (3) the role 

of adaptive and anti-adaptive ER stress signaling in mediating hepatocyte death and liver 

damage, inflammation, and tumorigenesis.

The groundwork has now been laid to address more sophisticated questions about these 

relationships, including: (1) How is ER protein processing actually disrupted by insulin 

signaling and by nutritional flux? Is global protein processing impaired, is ER membrane 

structure disrupted, or is there some more subtle cue? (2) By what mechanisms does the 

UPR interact with metabolic pathways? To what extent does UPR-dependent transcription 

interfere with or otherwise alter the activity of transcription factors that are regulated by 

metabolic conditions, and is this interference part of normal physiological regulation or does 

it only come into play during severe stresses? Identifying protein-protein interactions that 

link the UPR with other pathways, as well as mechanisms of crosstalk between the ER and 

mitochondria, will be key to answering these questions. (3) How does chronic ER stress 

impact these responses? Is there a difference between a physiological UPR and a 

pathological UPR? Does UPR signaling become fundamentally impaired, or do conditions 

like obesity represent the UPR executing the program that it evolved to execute (i.e., 

regulation of insulin signaling, VLDL production, metabolic transcription, etc.) under 

conditions that it was not evolved to handle (i.e., constant nutritional excess). The 

development of robust animal models that specifically recapitulate chronic ER stress in the 

liver will be needed to identify the effects of chronic ER stress per se on liver function, 

divorced from confounding contexts like obesity, alcoholism, etc. And (4), how does ER 

stress elicit inflammation? How do the various cell types of the liver communicate, and what 

role does ER stress-induced death play in the process? The creation of mouse models in 

which ER stress signaling is controlled not only by cell type, but also temporally, will be 

instrumental in dissecting potentially multiple points of influence in the progression of liver 

disease. What was first identified as a pathway solely concerned with the detection and 

restoration of ER protein folding is now being recognized as a central regulator of liver 

function, with many new discoveries on the horizon.
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Abbreviations used

UPR unfolded protein response

ER endoplasmic reticulum

IRE Inositol-requiring enzyme

PERK PKR-like endoplasmic reticulum kinase

ATF activating transcription factor
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MEFs mouse embryonic fibroblasts

eIF eukaryotic initiation factor

bZIP basic leucine zipper

RIDD regulated IRE1-dependent decay

CHOP C/EBP-homologous protein

VLDL very low density lipoprotein

XBP X-box binding protein

mTOR mammalian target of rapamycin

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

HCC hepatocellular carcinoma

HBV hepatitis B virus

HCV hepatitis C virus

JNK c-Jun N-terminal kinase

IRS insulin receptor substrate

HFD high-fat diet

PBA 4-phenylbutyric acid

TUDCA tauroursodeoxycholic acid

BiP binding protein

MTTP microsomal triglyceride transfer protein

PDI protein disulfide isomerase

HFrD High fructose diet

ApoB apolipoprotein B

CREBH CRE-binding and hepatocyte-specific factor

MCD methionine-choline deficient diet
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Figure 1. 
Disruption of ER function during obesity

Obesity results in increased circulating free fatty acids (FFAs) due to overwhelming of 

adipose capacity (a). Consequences of FFA uptake by hepatocytes can include ER 

membrane structural distortion (b) or stimulation of VLDL production (c). Obesity is also 

associated with increased food intake and hyperinsulinemia (d), which activates PI3 Kinase 

through insulin receptor signaling (e). Downstream of PI3K is mTOR which, when 

activated, promotes protein biogenesis, including that of ER client proteins (f). The p85 

regulatory subunit of PI3K also can interact with XBP1 and enhance its nuclear localization, 

thus stimulating ER protection from stress that would be compromised when hepatocytes 
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become insulin resistant. Obesity also alters ER calcium homeostasis and interactions with 

mitochondria (h).
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Figure 2. 
Regulation of metabolic gene expression by the UPR

The UPR regulates metabolic gene expression via several mechanisms. One is direct 

activation of metabolic gene transcription, such as of Fgf21 and Vldlr by ATF4, or by direct 

repression of Pparα and Srebf1 by CHOP. Regulation of metabolism can also be indirect, in 

the sense that at least PDI, which is a target of XBP1, facilitates VLDL biogenesis in 

addition to its broader role in maintaining the ER oxidative protein folding capacity. Finally, 

UPR transcription factors can interfere with the activity of metabolic transcriptional 

regulators, such as HNF4α, FOXO1, or CREB, with consequences for their downstream 

processes.
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Figure 3. 
The complex interplay between ER stress and liver damage and transformation

(1) Unremediable ER stress in hepatocytes can elicit cell death, which might proceed 

through apoptotic, necrotic, or pyroptotic pathways or a combination thereof. Hepatocytes 

subjected to ER stress also can secrete pro-inflammatory signals such as TNFα or other 

factors. Hepatocyte cell death stimulates macrophage activation (2) and secretion of 

inflammatory cytokines (3), and activation might represent its own ER stress in the 

macrophage. Likewise, inflammation promotes hepatic stellate cell activation (4), including 

production and extrusion of collagen through the secretory pathway. The combination of 

inflammatory cytokines and fibrotic deposition stimulates compensatory hepatocyte 

proliferation which, if unchecked, can promote tumorigenesis (5).
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