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Abstract
The unfolded protein response (UPR) is an evolutionarily conserved cell signaling pathway which
is activated to regulate protein synthesis and restore homeostatic equilibrium when the cell is
stressed from increased client protein load or the accumulation of unfolded or malfolded proteins.
Once activated, this signaling pathway can either result in the recovery of homeostasis, , or can
activate a cascade of events which ultimately result in cell death. The UPR/ER stress response
spectrum and its interplay with other cellular organelles play an important role in the pathogenesis
of disease in secretory cells rich in endoplasmic reticulum, such as hepatocytes. Over the past two
decades the contribution of ER stress to various forms of liver diseases has been examined. Robust
support for a contributing as opposed to a secondary role for ER stress response is seen in the
nonalcoholic steatohepatitis (NASH), alcoholic liver disease, ischemia reperfusion injury and
cholestatic models of liver disease. The exact direction of the cause and effect relationship
between modes of cell injury and ER stress remains elusive. It is apparent that a complex interplay
exists between ER stress response, conditions that promote it, and those that result from it. A
vicious cycle in which ER stress promotes inflammation, cell injury and steatosis and in which
steatogenesis, inflammation and cell injury aggravate ER stress seems to be at play. It is perhaps
the nature of such a vicious cycle that is the key pathophysiologic concept. Therapeutic
approaches aimed at interrupting the cycle may dampen the stress response and the ensuing injury.
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Introduction
The endoplasmic reticulum (ER) is the intracellular organelle responsible for synthesis,
folding, trafficking and maturation of proteins. In addition, the ER has other important
functions such as triglyceride and cholesterol synthesis, drug metabolism, as well as storage
and release of Ca2+. Under normal conditions a homeostatic equilibrium exists between the
influx of unfolded peptides and the folding capacity of the ER. As physiologic conditions
change, thereby impacting the rate of protein synthesis, a signal transduction pathway
between the ER and other intracellular organelles has evolved which mediates adaptation to
the new folding demands, promoting survival. These physiological adaptive responses are of
particular importance in cells rich in endoplasmic reticulum content and responsible for
protein synthesis, such as lymphocytes, pancreatic beta cells and acinar cells as well as
hepatocytes.
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This evolutionarily conserved mechanism was first described in the budding yeast,
Saccharomyces cerevisiea. It is an intricate homeostatic adaptive response to the
accumulation of unfolded protein molecules which has been termed the unfolded protein
response (UPR)(1). The insufficiency of the ER stress response to meet the increased
folding needs of the cell activates a pathologic response resulting in lipogenesis,
inflammation and activation of apoptotic pathways. The sequence of events which lead the
cell to the pathologic response is often termed the ER stress response(2). In a sense the ER
stress response can be viewed as a spectrum from the UPR to adaptive injury (elimination of
cells unable to handle client load) to disease promotion and/or propagation (e.g.
steatohepatitis). The precise point at which this shift from adaptation to apoptosis occurs is
not certain but clearly is influenced by the degree and the duration of the ER stress.

The UPR
When the protein load in the ER increases, the three main branches of the UPR are
activated. These homeostatic responses aim to bring the organelle and the cell into a state of
equilibrium by producing more chaperones to increase the folding capacity of the ER, by
enhancing endoplasmic reticulum associated protein degradation (ERAD) and autophagy,
and by decreasing protein entry through impacting the translation and synthesis of new
polypeptides(3).

The UPR has three main branches each of which consists of a transmembrane sensor
embedded in the ER which is kept inactive as long as it is bound to the intraluminal
chaperone, glucose regulated protein GRP78/BIP (4, 5). When the ER is stressed either by
glucose deprivation, the depletion of calcium stores, or the accumulation of malfolded
proteins, GRP78 is displaced from the stress sensor to aid in protein folding. This
disengagement initiates an intricate cascade which ultimately determines the fate of the cell.
After the release of GRP78, the three UPR transducers activating transcription factor-6
(ATF6), inositol requiring enzyme-1α (IRE1α), and protein kinase dsRNA-dependent–like
ER kinase (PERK) are subsequently activated by self association and autophosphorylation
(IRE1α + PERK) or translocation to the Golgi (ATF6) for proteolytic release of the active
transcription factor (referred to as regulated intramembrane proteolysis or RIP).

PERK acts by global inhibition of protein synthesis through phosphorylation of eukaryotic
translation initiation factor-2α subunit (eIF2α) (6). PERK also regulates the transcription of
ribosomal RNA via phosphorylated eIF2 and preferentially increases the translation of
ATF4 which in turn binds to cAMP response elements (CRE) and results in the activation of
C/EBP–homologous protein (CHOP) (4, 7, 8). IRE1α is an endoribonuclease which
activates XBP1 by unconventional splicing of XBP1 mRNA resulting in transcription of
UPR elements (UPRE) and ERSE genes which control ER-associated protein degradation
(ERAD) and chaperones(9, 10). IRE1α also degrades the mRNA of many secretory and
transmembrane proteins and thus also helps in decreasing the protein load that enters the
ER(11). Active ATF6 after RIP translocates to the nucleus which together with ATF4 and
sXBP1,activateERSE, and UPRE, and CRE. The products of the genes regulated by these
elements facilitate the folding and elimination of accumulated proteins via ER degradation
enhancing mannosidase-like protein (EDEM), a component of ERAD, as well as up
regulation of chaperones which aid in protein folding. All of the arms of the UPR are signal
transduction mechanisms which lead to the production or release of transcription factors
which regulate the UPR (sXBP, ATF4, ATF6). This mechanism is primarily a
cytoprotective survival response which aims to regulate protein folding and restore
homeostatic balance.
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Pathologic ER Stress response
When the activation of the UPR fails to promote cell survival, the cell is taken down the pro-
apoptotic ER stress response pathway which can ultimately lead to apoptotic cell death,
inflammation and/or fat accumulation (12). The pathologic ER stress response can be
activated in a variety of ways (FIG 1). An important and frequent feature of ER stress
response is increased C/EBP–homologous protein (CHOP) expression leading to activation
of the proapoptotic pathways (13, 14). Some of the pathologically induced signaling
pathways include: PERK mediated global protein translation shut down resulting in
decreased Inhibitory-κBα (IκBα) which leads to inflammation through NF-κB activation
(15); IRE1α mediated recruitment of proapoptotic signals such as TNF receptor associated
factor 2 (TRAF2) and signal regulated kinase 1 (ASK1)/c-jun-N-terminal kinase (JNK)
which can lead to autophagy, insulin resistance and apoptosis. TRAF2 can recruit IκB kinase
(IKK) and promote NF-κB mediated inflammation (16, 17). Proapoptotic Bcl2 proteins
which regulate apoptotic cell death via altering calcium homeostasis have been linked to the
ER stress response and in particular to theIRE1α branch. (12, 18) When activated these Bcl2
proteins can lead to calcium release, calpain activation which can cause mitochondrial
depolarization and increased ROS(19) as well as the activation of caspase 4 which along
with JNK modulates apoptosis. On the other hand, BAX and BAK have been shown to form
a complex with the cytosolic domain of IRE1α and regulate IRE signaling in cells
undergoing ER stress. Double knockouts of BAX and BAK apoptotic factors demonstrate a
pheonytpe similar to that of IRE1α deficient mice (18). ER associated caspase 12 plays an
important role in ER stress response induced apoptosis in rodents but not in humans (20);
Calcium release is a critical factor in affecting mitochondrial function, particularly in areas
in which the ER is in close association with the mitochondria, so-called mitochondria-
associated membrane (MAM) (21, 22); PERK induced ATF4 as well as ATF6 can increase
the expression of CHOP which promotes ER stress response through numerous mechanisms.
CHOP promotes oxidative stress and inflammation, and results in downregulation of anti-
apoptotic Bcl2 proteins and increased transcription of pro-apoptotic Bcl2 member, Bim(23).
CHOP induces GADD34 which associates with protein phosphatase-1 and promotes
dephosphorylation of P-eIF2α, a mechanism aiming to recover ER homeostasis by resuming
protein synthesis but which could be harmful if protein overload were to continue. In
addition, CHOP and ATF4 together induce TRB3 which inhibits the cytoprotective, insulin
sensitizing Akt kinase(13, 24).

ER stress response in liver diseases
Hepatocytes, like other secretory cells, are rich in ER. Due to their high protein synthesizing
capacity it is easy to postulate that UPR/ER stress response plays an important role either in
preventing or mediating pathological changes in various liver diseases. Despite the
identification of upregulation or dysregulation of ER stress signaling mediators in various
forms of liver injury and the rapid growth in the field of ER stress research in liver diseases,
the exact contribution of ER stress response to many forms of hepatic injury remain to be
fully established (25). Here we review and update some well established associations
between ER stress response and liver disease (FIG 2). Due to space limitations we will not
discuss the putative role of ER stress response in α1-antitrypsin deficiency, cystic fibrosis,
or hemochromatosis.

NASH/NAFLD
ER stress associated steatosis and steatohepatitis has been one of the most extensively
studied consequences of ER stress response. The ER plays an important part in fatty acid
synthesis and cholesterol metabolism. The relationship between ER stress and fatty liver is a
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bilateral one. Steatosis has been shown to promote ER stress; conversely ER stress response
leads to steatosis (FIG 3). Despite many uncertainties, current evidence strongly supports an
important role for ER stress response in NAFLD.

Multiple mechanisms for ER stress induced steatosis have been proposed: (1) ER stress
induces TRB3 via ATF4 and CHOP. TRB3 inhibits the activity of Akt, an insulin sensitizing
kinase which mediates insulin signaling in hepatocytes. Interestingly TRB3 expression is
increased in the liver of diabetic mice and knockdown of hepatic TRB3 expression leads to
improved glucose tolerance (26, 27). (2) ER stress response activates JNK mediated
inhibition of IRS-1 leading to insulin resistance which can promote hepatic steatosis; insulin
resistance due to TRB3 and JNK leads to hyperinsulinemia and increased hepatic
lipogenesis;(3); (4) Phosphorylation of eIF2α results in induction of c/EBP proteins and
increased expression of genes that regulate lipogenesis (PPARγ) (28); (5)When hepatocytes
are stressed, PERK mediated shut down of protein synthesis can lead to decreased Insig-1
protein, a negative regulator of lipid synthesis which retains SREBP-SCAP/complex in the
ER. Insig-1 protein has a very short half life and falls rapidly upon ER stress response
induced translational arrest; the subsequent translocation of SREBPs to the Golgi leads to
cleavage and enhanced lipogenesis (29, 30); (6) PERK mediated global protein translational
arrest along with increased ERAD mediated by IRE-1/JNK can result in decreased
apoprotein B (apo B) levels promoting steatosis (31); (7) GRP78 may directly interact with
SREBP so that displacement of GRP78 may allow SREBPs to translocate to the Golgi and
undergo RIP(32). Thus a combination of enhanced lipogenesis via SREBP activation
(including insulin resistance) and impaired VLDL secretion via decreased apo B contribute
to ER stress induced fatty liver.

A variety of supportive evidence suggests that prolonged UPR/ER stress response leads to
steatosis: SREBPs are a family of ER resident proteins which function as transcription
factors in the control of fatty acid, triglyceride and cholesterol synthesis (33, 34). They are
synthesized as inactive precursors bound to the endoplasmic reticulum (ER) in a complex
with SREBP cleavage activating protein (SCAP). Once released from Insig, SREBPs are
escorted to the Golgi by SCAP where they undergo RIP and promote lipogenesis (35). In the
presence of cholesterol and oxysterols, SCAP undergoes conformational changes causing it
to bind Insig which prevents translocation of the complex to the Golgi (29). SREBP-1c
knockout mice are protected against a high fat diet induced and alcohol induced steatosis
(36), favoring the view that de novo lipogenesis is a key mechanism for fat accumulation in
the liver (37, 38). It appears that ER stress can override cholesterol inhibition of SREBP
processing. It is thought that down regulation of protein synthesis in response to ER stress
decreases Insig which in turn results in the cleavage and release of SREBPs and their
subsequent activation (39). SREBP activation may also be indirect; insulin resistance
induced by ER stress induces SREBP expression (40, 41). A key point in this field is the
significance of triglyceride (TG) accumulation. Mounting evidence supports the view that
the formation of TGs may detoxify fatty acids (42–44). In this scenario triglyceride
accumulation is a sign of increased lipogenesis which means that increased exposure to
lipotoxic fatty acids may accompany steatosis. Thus the key to the pathogenetic importance
of ER stress in NAFLD is the bidirectional interplay of ER stress and lipogenesis which
promotes insulin resistance as well as lipotoxicity. GRP78 overexpression has been shown
to inhibit insulin induced SREBP-1c activation in cultured primary hepatocytes (32). There
is some evidence that the master regulator GRP78 (BIP) may play a role in retaining the
SREBP-SCAP complex in the ER but this is not fully defined. GRP78 overexpression has
been shown to inhibit ER stress response and SREBP activation in ob/ob mice (32).
Induction of ER stress response by treatment with tunicamycin leads to alteration of SREBP
expression and hepatic steatosis in Hep G2 cells(45), with some studies reporting activation
and some downregulation of SREBP-1c depending on the severity and duration of ER stress
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response (45, 46). Clearly Tunicamycin’s effects are extreme and probably do not reflect the
effects of UPR/ER stress response on lipid metabolism in natural occurring liver diseases
(47).IRE 1α has been implicated in liver steatosis via its downstream product XBP1.
Independent of SREBPs, XBP1 regulates genes involved in fatty acid and triglyceride
synthesis such as stearoyl-CoA desaturase 1(Scd-1) and acetyl CoA carboxylase-2 (Acc2).
Selective deletion of XBP1 in the liver resulted in marked hypocholestrolemia and
hypotriglyceredemia. These mice did not demonstrate hepatic steatosis when placed on a
high carbohydrate diet (48). XBP +/− mice fed HFD for 3 weeks developed
hyperinsulinemia, type 2 diabetes and insulin resistance. An increase in PERK
phosphorylation was demonstrated as well as increased JNK activity (49). ER stress has
been shown to cause insulin resistance. ER stress promotes JNK-dependent serine
phosphorylation of IRS-1, which in turn inhibits insulin receptor signaling and leads to
insulin resistance (49). Inhibition of the eIF2α arm of the UPR by dephosphorylation of
eIF2α via GADD34 leads to improved steatosis and glucose tolerance in mice (28).
Treatment with chemical chaperones (4-phenylbutyric acid and taurine-conjugated
ursodeoxycholic acid) which presumably improve protein folding have been shown to
decrease ER stress response, insulin resistance, improve glucose tolerance and resolve fatty
liver in ob/ob leptin deficient mice models (50). The over expression of protective ER
chaperones such as ORP 150 in the liver of db/db leptin receptor deficient mice improved
insulin sensing and glucose tolerance by reducing ER stress response (51). ATF6 knockout
has also been shown to result in increased steatosis upon induction of ER stress via
tunicamycin. ATF6α null mice exhibit no particular phenotype; however, when challenged
with tunicamycin they express prolonged CHOP activation, increased levels of intracellular
triglycerides, and increased fat droplets (52). Thus, overall evidence that ER stress response
can promote lipogenesis and fatty liver is robust and solidly supported by selective UPR
gene deletions which augment ER stress response and subsequently NAFLD, when animals
are fed a high fat diet, and by overexpression of UPR proteins or chemical chaperones which
dampen ER stress response and steatosis.

Although the evidence summarized above provides strong support for ER stress response
induced steatosis the converse is also supported by a variety of evidence, namely that
steatogenic conditions promote ER stress, setting up a vicious cycle. Male mice fed a HFD
for 16 weeks exhibited ER stress markers (PERK, eIF2, JNK) compared to regular fed mice.
These mice exhibited insulin resistance and type 2 diabetes (49). An increase in ER stress
response markers, eIF2α, PERK and GRP78 has been demonstrated in ob/ob mice as well
(49). Obesity and a high fat diet have been shown to induce ER stress response with
subsequent activation of JNK in mice (49, 53). In rats fed high sucrose diet, saturated fatty
acids lead to elevation in ER stress markers GRP78, CHOP and caspase 3. Many of these
effects have been linked to JNK activation (54). Boden et al have demonstrated an increase
in ER stress response markers such as calnexin and JNK in the adipose tissue of obese
humans (55). Gregor et al have shown that weight loss following gastric bypass surgery
decreased GRP78, sXBP-1, P-eIF2α and P-JNK in adipose tissue and GRP78 and P-eIF2α in
the liver(56). Oral chromium administration (which potentiates insulin and ameliorates lipid
transport through ABCA1) was shown to reduce ER stress response markers, PERK, IRE1
and eIF2 and subsequently improve glucose tolerance and decrease liver lipid accumulation
(57, 58). Apo B mediated secretion of lipids (VLDL) could protect the liver from lipid
accumulation and steatosis. Both in vitro and in vivo exposure to fatty acids decreased apo B
levels. Intravenous infusion of oleic acid in mice promoted ER stress response and resulted
in decreased apo B levels (31). Transgenic mice overexpressing apo B exhibit markers of
ER stress. ER stress response induced by apoB overload impeded insulin action through
JNK-mediated phosphorylation of IRS-1. These mice demonstrated much lower Akt and
GSK-3α/β (Ser 21/9) phosphorylation levels. Furthermore apoB knockdown reduced ER
stress response and increased Akt and GSK-3 phosphorylation (59). Thus either overload of
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apo B (by accumulation in the ER) or degradation of apoB (leading to inability to export
lipids from the liver via VLDL synthesis) may contribute to high fat diet induced ER stress.

Alcoholic liver disease and hyperhomocysteinemia
Intragastric alcohol fed mice exhibit severe steatosis, apoptosis and necroinflammation as
well as upregulation of UPR genes and ER stress response (60–62). Increased expression
and activation of SREBP proteins 1c and 2 has been detected in alcohol fed mice further
supporting the relation between alcohol, steatosis and ER stress (36, 63, 64). CHOP
knockout mice fed ethanol exhibited no change in ER stress markers or steatosis but marked
inhibition of apoptosis (62). In micropigs fed alcohol, liver steatosis was shown to be
accompanied by increased transcription of GRP78 and SREBP and activated caspase 12, all
markers of response to ER stress (65). Cirrhotic rat livers exhibit markers of ER stress
response after challenge with lipopolysacharide, which has been implicated in alcohol
induced liver injury (66).

Homocysteine is an amino acid involved in the methionine metabolic pathway.
Hyperhomocysteinemia (HHcy) seen in alcoholic liver disease plays an important role in the
induction of hepatic steatosis and ER stress response through interference with protein
folding (67, 68). Potential mechanisms include generation of Hcy thiolactone via the editing
function of t-RNA synthase resulting in the incorporation of Hcy into the lysine amino
groups of nascent proteins causing malfolding. Hcy may also interfere with disulfide bond
formation. Homocysteine can be remethylated and converted to methionine via methionine
synthase (MS) or betaine-homocysteine methyl transferase (BHMT) where betaine is the
methyl donor (60). In mice and rats fed alcohol MS activity decreases resulting in HHcy
(69). Thus supplementation with betaine promotes the remethylation of Hcy through the
BMHT pathway and decreases Hcy levels. The protective role of betaine in HHcy induced
ER stress was demonstrated in experiments on HepG2 cells where overexpression of BHMT
inhibited Hcy mediated ER stress response and steatosis (46). In the murine intragastric
alcohol feeding model, betaine supplementation prevents HHcy, ER stress and
steatohepatitis (63). In addition transgenic mice expressing human BHMT in extrahepatic
tissues are resistant to alcohol induced HHcy, hepatic ER stress and steatohepatitis,
indicating that lowering Hcy exposure to the liver, independent of any effect of exogenous
betaine, is key in preventing liver injury (64).

Interestingly mice and rats exhibit differences with regards to homocysteine metabolism.
Rats fed alcohol or a high methionine low folate (HMLF) diet have been shown to increase
the expression BHMT whereas mice do not. When both species were fed ethanol
intragastrically, mice exhibited an increase in GRP78 and IRE1, ER stress response markers,
but rats did not. Thus, up-regulation of BHMT in rats helps in alleviating ER stress resulting
from ethanol or HMLF diet induced HHcy, likely by increased conversion of Hcy to
Methionine (70). Homocysteine can also be converted to SAH by reverse catalysis of SAH
hydrolase or it can be converted to cystathionine by cysthathionine beta synthase (CBS).
HHcy seen in genetic disorders such as CBS or MTHFR deficiencies also results in ER
stress response, up regulation of SREBPs and steatosis (71, 72). Heterozygous CBS
deficient mice are more susceptible to ethanol induced steatohepatitis and ER stress (73).
Recent evidence suggests that homocysteine induced ER stress may be related to an
epigenetic effect on ER stress response genes mediated by decreased SAM/SAH due to the
rapid conversion of homocysteine to SAH in the liver (73). Aside from HHcy, decreased
SAM/SAH ratio could be a response to inhibition of MAT activity as a consequence of
ethanol induced ROS or RNS (74–76). Similarly, the ER stress response plays an important
role in MCD diet induced steatohepatitis through the effect on SAM/SAH (77).
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Thus, ER stress response and its consequent effects on steatohepatitis in both alcohol and
MCD diet models may be due to altered homocysteine metabolism with the predominant
effect of increased hepatic exposure to homocysteine mediated by decreased SAM/SAH.
The role of homocysteine induced malfolding is less clear.

Viral hepatitis
HCV RNA replication involves many intracellular organelles including the ER (78). The
HCV genome encodes about 3000 amino acids which contribute to at least 10 polypeptides
including structural and non structural proteins. Hepatitis C virus relies on the host’s
transcription machinery to replicate. Rapid viral replication and accumulation of viral
protein in the ER could trigger the UPR. Tardif et al have demonstrated that in cell lines
infected with HCV virus and expressing HCV virus subreplicon, despite XBP1 slicing, the
transcriptional induction of EDEM, a protein degradation pathway downstream of sXBP1 is
inhibited. Consequently viral proteins are protected from degradation and accumulate in
cells expressing the HCV replicon (79). Certain non-structural proteins in the HCV
proteome have been recognized to induce the UPR. For example HCV NS4B could induce
ATF6 and IRE1, to favor the HCV subreplicon and HCV viral replication. HCV NS4B
activated the IRE1 pathway, resulting in XBP1 splicing. Interestingly again EDEM was
shown to be inhibited; these results suggest that the NS4B protein for hepatitis C virus helps
the virus manipulate UPR to benefit HCV replication (80). HCV and HBV protein
replication in cells has been shown to induce ER stress response and release of calcium from
the ER which activates CREB (cyclic AMP response protein) likely through calcium/
calmodulin-dependent protein kinase. CREB induces transcription of CRE element by
binding the promoter of protein phosphatase 2Ac (PP2Ac), an important phosphatase
involved in cell cycle regulation, carcinogenesis and apoptosis (81). HCV core constructs
trigger hyperexpression of GRP78/BiP, GRP 94, calreticulin and ER calcium ATPase,
inducing ER stress response. This results in CHOP/GADD153 overexpression and Bax
translocation to mitochondria and subsequent apoptosis (82). Recent in vivo studies by
electron microscopy and Western blot analysis on human liver biopsy tissue in individuals
infected with HCV support the existence of hepatic ER stress by showing activation of the
three ER stress sensors ATF-6, IRE1, and PERK in chronic HCV infection (83). Real-time
RT-PCR showed no significant induction of UPR-responsive genes. In contrast, genes
involved in the control of diffuse processes such as liver proliferation, inflammation, and
apoptosis were significantly induced. In conclusion, livers from patients with untreated
chronic hepatitis C exhibit in vivo hepatocyte ER stress response and activation of the three
UPR sensors without apparent induction of UPR-responsive genes. This lack of gene
induction may be explained by the inhibiting action of HCV (as suggested by in vitro
studies) (83). Sir et al have demonstrated that HCV induces an incomplete autophagic
response via activation of the UPR cascade. HCV transfection of Huh7.5 hepatocytes with
HCV virus resulted in phosphorylation of PERK, eIF2, splicing of xbp1 RNA and increased
expression of ATF4, GRP78 and CHOP. Inhibition of PERK, IRE1 and ATF6 via siRNA
reduced HCV RNA levels by 80–90% indicating that ER stress response promotes viral
replication. HCV induces the accumulation of autophagosomes by activating the UPR (84).
Recent evidence suggests that HCV evades innate immunity by UPR induced autophagy and
repression of PAMP mediated innate immune response (85). Hepatitis B has also been
shown to activate the UPR, via the HBx protein to help promote HBV replication in liver
cells and possibly contribute to the development of HCC. The HBx protein induces UPR by
activation of IRE1-XBP1 and the ATF6 pathways (86). Other viruses such as CMV have
also been shown to induce UPR signaling through the main three branches PERK, ATF6,
and IRE-1, to favor viral replication (87). Thus a complex picture emerges in viral infection
in which viruses use the UPR to favor replication. It is however conceivable that very high
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levels of replication, particularly in immunocompromised settings, may lead to sufficient ER
stress to induce apoptosis.

Drug induced liver injury
Arylating quinones have been shown to induce ER stress. Phosphorylation of PERK and
eIF2α was observed in cells treated with quinones, as well as induction of ATF4 and CHOP.
Due to the concomitant generation of ROS with quinone toxicity and in an effort to
differentiate the mode of toxicity, arylating quinones were compared to non-arylating
quinones. Greater toxicity was associated with arylating congeners. Both types of quinones
participate in redox cycling but only arylating quinones can form Michael adducts with ER
proteins. Prior treatment with NAC resulted in detoxification further supporting the
importance of Michael adduct formation in quinone toxicity. Disulfide shuffling during
protein folding in the ER in the presence of these compounds provides an opportunity for
Michael adduct formation. Disruption of disulfide bond formation and subsequent activation
of the ER stress response pathways due to accumulation of misfolded proteins ensues (88).

Nagy et al have recently published findings demonstrating that acetaminophen (APAP)
toxicity results in very rapid phosphorylation of eIF2α and JNK and induction of CHOP
(89). APAP decreased glutathione stores in the ER. In vivo experiments by the same group
have shown that the redox state of thiols of ER resident oxidoreductases ERp72, PDI, was
shifted towards the oxidized form and ER stress-responsive transcription factor ATF6 was
activated by APAP administration at sub-lethal doses. Transcriptional activation and
elevated expression of GADD153/CHOP, an ER stress-responsive proapoptotic transcription
factor along with transient activation of the ER-resident caspase-12 was shown. Treatment
with buthionine-sulfoximine (inhibitor of GSH synthesis) was unable to mimic the effects
by APAP indicating that glutathione depletion itself is insufficient to provoke apoptosis and
that intraluminal redox imbalance of the ER and ER participation is necessary for cell death
(90). Aside from redox perturbations, it is also conceivable that covalent binding of NAPQI
to ER chaperones or nascent proteins might impair folding and induce stress (88, 91). APAP
induced ER stress has also been studied in renal tubular cells where Lorz et al detected
induction of endoplasmic reticulum (ER) stress, characterized by GADD153/CHOP
upregulation and translocation to the nucleus, as well as caspase-12 cleavage (92). Although
robust ER stress response occurs rapidly in APAP toxicity, its role in necrosis is unproved
but intriguing to consider, especially in the early activation of JNK, a key factor in APAP
induced necrosis, and calcium mediated MPT.

Other drugs such as methapyrilene and HIV protease inhibitors (PI) have been implicated in
causing ER stress (93, 94). The protease inhibitors have been shown to increase the SREBP
levels and activate UPR. Different PIs have been shown to have various effects on the UPR.
Both atazanavir and ritonavir activated the UPR, induced apoptosis, and increased nuclear
SREBP levels, but amprenavir had no significant effect at the same concentrations (95, 96).
The mechanism for PI induced ER stress is not known but nonspecific inhibition of
proteasomal degradation is a leading candidate as proteasome inhibitors, such as bortezomib
(PS-341) induce ER stress, which may be the mechanism of bortezomib induced
hepatotoxicity (97–99). The contribution of PI induced ER stress to steatosis and drug
hepatitis needs further clarification but the evidence is highly suggestive.

Ischemia-reperfusion injury
Ischemia reperfusion injury (IRI) causes liver damage by a process that involves oxidative
stress and inflammation via mitochondrial pathways, NF-kB activation, ATP depletion and
calcium release from the ER (100). BI-1 (Bax inhibitor 1) is an ER protein that suppresses
cell death and helps prevent IRI. Knockout mice deficient in BI-1 exhibit increased
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histological and biochemical liver injury when subjected to transient blood flow occlusion.
In addition, more UPR activation via IRE1 and ATF6 is seen in the knockout mice models
indicating that BI-1 plays an important role in suppressing ER stress mediated injury during
ischemia reperfusion (101). Chemical chaperones such as 4-phenylbutyrate, have also been
shown to be protective against ER stress and damage in IRI (102).

Cholestatic liver disease
Liver injury during cholestasis has been attributed to the accumulation of toxic bile salts
within the liver. These have been shown to promote UPR and activate genes responsible for
ER stress signal activation such as GRP78, CHOP and mitochondrial oxidative stress
leading to NF-KB activation (103). Treatment of murine hepatocytes with
glycochenodeoxycholic acid (a toxic bile acid) resulted in ER stress induced increased
cytosolic calcium (leading to calpain activation) and caspase 12 activation (104, 105).
Tamaki et al investigated the role of CHOP in cholestatic liver disease, by comparing liver
injury in wild type (WT) and CHOP deficient mice after bile duct ligation and induction of
cholestasis. In WT livers, BDL induced increased expression of CHOP and Bax, a
downstream target in the CHOP-mediated ER stress response pathway. Liver fibrosis as well
as apoptotic and necrotic hepatocyte death was attenuated in CHOP-knockout mice pointing
towards an essential role for CHOP in cholestatic liver injury (106). Foxa2 regulates bile
acid transporter expression. Foxa2-deficient mice are strikingly sensitive to a diet containing
cholic acid, which results in toxic accumulation of hepatic bile salts, ER stress response, and
liver injury suggesting that reduced Foxa2 abundance could exacerbate cholestatic liver
injury and that ER stress response is a contributing factor in response to bile acid retention
as a consequence of decreased transporters (107).

Conclusion
ER stress response accompanies nearly all forms of acute and chronic liver disease and
robust support for a contributing, as opposed to a parallel role, is seen in the NASH, ASH,
IRI and cholestatic models. Less conclusive evidence of the importance of ER stress exists
in viral and drug hepatitis, although it is likely to be so. It is important to recognize that the
ER is in a pivotal position to both respond to and cause dysfunction in other cellular loci
such as mitochondria, cytoplasm and nucleus. Thus it is common to see ER stress response
accompanied by ATP depletion, oxidative stress, mitochondrial dysfunction and lipid
accumulation (FIG 4). It is important to appreciate that cells such as hepatocytes exhibit the
simultaneous appearance of numerous different stress responses including ER stress,
mitochondrial, MAP Kinases, etc in disease and there is a complex interplay among them in
disease pathogenesis. The UPR/ER stress response is certainly a contributor to both
dampening and worsening the outcome depending the ability of the ER to deal with disease
promoting factors such as ROS, redox perturbations, client proteins (and their
modifications), toxic chemicals/drugs, viruses and lipids. There is a complex cause versus
effect interplay between all these pathophysiologic responses and ER stress response. We
believe a key to interpreting the commonly observed association of liver diseases and ER
stress response is the recognition that there is a vicious cycle between ER stress and other
adverse phenomena which are caused by ER stress response. Thus it is perhaps the nature of
such a vicious cycle that is the key pathophysiologic concept and perhaps it is less important
to resolve the difficult question as to whether ER stress, is so to speak “the chicken or the
egg?” From this standpoint it is hoped that therapeutics aimed at blunting ER stress will
interrupt the cycle.
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Figure 1. Cell signaling pathways in prolonged UPR/ER stress
When GRP78 dissociates from the 3 UPR sensors (ATF6, IRE1, PERK and possibly
SREBP) to aid in protein folding, a series of cell signaling pathways are activated which can
result in apoptosis, oxidative injury, steatosis and inflammation if UPR is prolonged and
equilibrium is not restored.
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Figure 2. ER stress in liver diseases
ER adapts to a variety of stress inducing triggers by activating the UPR ro dampen stress.
However sustained UPR/ER stress may contribute to the pathogenesis of most acute and
chronic liver diseases.
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Figure 3. The vicious cycle of steatosis and ER stress
ER stress leads to steatosis by impaired lipid secretion and activation of SREBPs. Steatosis,
high fat diet, obesity and insulin resistance in turn promote ER stress.

Dara et al. Page 18

Hepatology. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. ER stress at the crossroads of cellular and organ pathophysiology
Perturbations in redox status, steatosis, ROS, inflammation and mitochondrial injury have a
complex cause and effect relationship with ER stress. Inter-organellar signaling pathways
can be activated by ER stress and/or promote it. The final end point of prolonged or
unchecked ER stress is steatosis, apoptosis and inflammation.
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