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A B S T R A C T

An excessive inflammatory response is frequently associated with cellular dysfunction and cell death. The latter
may cause single and multiple organ failure. The most susceptible organs are liver, lung, kidney, heart and
intestine. This review will focus on the liver as a target organ for an excessive inflammatory response. It is
commonly accepted that organ failure is caused by the action of inflammatory cytokines released in excess
during the inflammatory response. It has been suggested that inflammation mediated liver failure is not due to
an increased death rate of parenchymal cells, but due to an intracellular metabolic disorder. This metabolic
disorder is associated with mitochondrial and endoplasmic reticulum (ER) dysfunction during the acute phase
response elicited by systemic inflammation. An overproduction of acute phase proteins in the liver as well as
elevated reactive oxygen species (ROS) generation induce ER stress, triggering the unfolded protein response
(UPR), which may initiate or aggravate inflammation. It is known that certain inflammatory mediators, such as
the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α induce ER stress. These findings suggest that ER stress and
the subsequent UPR on the one hand, and the inflammatory response on the other create a kind of feed forward
loop, which can be either beneficial (e.g., elimination of the pathogen and restoration of tissue homeostasis) or
deleterious (e.g., excessive cell dysfunction and cell death). This review aims to unfurl the different pathways
contributing to this loop and to highlight the relevance of UPR signaling (IRE1α, ATF6, and PERK) and med-
iators of the inflammatory response (NF-κB, STAT3, IL-1β, IL-6, TLR) which have a particular role as patho-
physiological triggers in the liver.

1. Manifestation of ER stress and inflammation in liver diseases

The liver is a metabolic organ that continuously provides the
organism with nutrients, eliminates waste and toxic or harmful
compounds. The liver is also a site of complex immunological activity.

Dietary and microbial products challenge liver-resident immune cells
(Kupffer cells/macrophages) and activate immune response mechan-
isms, producing cytokines which regulate the function of hepatocytes
and other non-hematopoietic cells in the liver. An appropriate
inflammatory reaction induced by invading pathogens or by damaged
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tissue is essential for the clearance of the invader and for the restoration
of homeostasis [1–4]. However, failure to eliminate the invader or to
resolve inflammation leads to the development of liver pathologies
associated with chronic infection, autoimmunity and malignancy (for
review see:[3,5–7]). Chronic inflammation is associated with deranged
tissue remodelling, resulting in liver fibrosis, hepatocyte dysfunction
and steatosis [6,7].
Although the endoplasmic reticulum (ER) was discovered by K. R.

Porter in 1945 [8], it is just in the last decade that many vital functions
of the ER are being explored in the liver, including protein production,
lipid synthesis, drug detoxification, and Ca2+ homeostasis. Evidence for
a role for the ER in a range of liver diseases has also emerged. Pertur-
bation in ER homeostasis, including Ca2+ levels, redox homeostasis,
reduced availability of monosaccharides required for protein glycosy-
lation, can all compromise proper folding of proteins within the ER.
This results in a condition that is termed ER stress, which is char-
acterised by an accumulation of unfolded proteins within the ER lumen
[9,10]. ER stress is notably associated with viral and autoimmune he-
patitis, alcoholic liver disease [11–15]; for review see: [16–19]. Fur-
thermore, chronic accumulation of misfolded proteins and subsequent
sustained ER stress plays a particular role in nutrient-mediated liver
diseases (non-alcoholic fatty liver diseases) and steatosis [12,13,20,21]
via dysregulated lipid metabolism [15,21,22] (for review see:
[16,19,20,23–26]).
Accumulating evidence indicates that the liver’s role in regulating

the immune response is linked to ER stress and inflammation. Agents
that induce inflammation, i.e., pathogen-associated molecular pattern

molecules (PAMPs) and damage-associated molecular pattern mole-
cules (DAMPs), activate the so-called ‘acute phase response’, an early
systemic response which is mediated primarily by interleukin-6 (IL-6)/
signal transducer and activator of transcription 3 (STAT3) signaling (for
review see:[27–29]) and the pro-inflammatory cytokines IL-1-beta (IL-
1β) and tumor necrosis factor alpha (TNF-α) [30]. The acute phase
response targets hepatocytes, the main cells of liver parenchyma, which
adapt metabolism and the repertoire of secreted proteins to the changed
demands by producing acute phase proteins [31]. The acute phase
proteins alert the system and constitute a first-line and non-specific
defence of the organism against invading pathogens [32]. Elimination
of the invader activates mechanisms to resolve inflammation and re-
store liver homeostasis. Failure to eliminate the invader or to resolve
inflammation can lead to the development of liver pathologies asso-
ciated with chronic infection, autoimmunity and malignancy (for re-
view see: [3,6,7]). Chronic inflammation is associated with deranged
tissue remodelling, resulting in liver fibrosis, hepatocyte dysfunction
and steatosis [6,7].
Evidence shows that ER stress is directly linked to the induction of

an inflammatory response [33]. However, there is also evidence for the
converse, i.e., that inflammatory mediators directly or indirectly impact
on the ER. This suggests the existence of a feedback loop between ER
stress and inflammatory responses in the liver with the potential to
generate a vicious cycle, which amplifies the inflammatory response
and thereby aggravates liver injury. In this review we address the pa-
thophysiological impact of ER stress and selected inflammatory med-
iators in the liver, focussing on their points of intersection, and how
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Fig. 1. Physiological functions of the UPR in the liver. The canonical branches of the UPR are three-fold: (i) RNA-dependent protein kinase (PKR)-like ER kinase
(PERK), (ii) inositol-requiring enzyme-1-alpha (IRE1α) and (iii) activating transcription factor 6 (ATF6). The liver is one of the major secretory organs in the body
and because of this it is more prone to errors in synthesis, folding and transport of proteins than other organs. A well-functioning UPR is essential for hepatocyte
function, controlling decisions between survival and death, as well as regulating autophagy and lipogenesis.
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these contribute to resolution or the deterioration of hepatic patho-
physiology and a detrimental progression of liver disease.

2. ER stress and UPR in liver physiology (Fig. 1)

The liver produces the majority of plasma proteins, at a synthesis
rate that can be particularly high, reaching up to 30 g/day [34,35]. The
great majority of proteins produced and secreted by the liver comprise
albumin, peptide hormones, carrier proteins, apolipoproteins, coagu-
lation factors, transferrin, ceruloplasmin, thyroid-binding globulin,
haptoglobin, globulins and α-1-antitrypsin. Hepatocytes synthesise
most of these serum proteins. Since the ER controls the synthesis,
folding and trafficking of secreted proteins its optimal functioning is
particularly important for liver function. Another important role of the
ER in the liver is its impact on lipid homeostasis [13]. Several tran-
scription factors and coactivators, comprising cAMP response element-
binding protein (CREB) [36,37], peroxisome proliferator-activated re-
ceptor γ (PPARγ) coactivator-1α (PGC-1α) [36,38], forkhead box pro-
tein O1 (FOXO1) [39], sterol regulatory element binding protein 1c
(SREBP-1c) [40], and CREB regulated transcription coactivator 2
(CRTC2) [37], all regulate key steps in lipid metabolism through ER
surveillance [41]. In addition, the liver is rich in smooth ER equipped
with enzymes that metabolize lipid-soluble compounds. These detox-
ifying enzymes inactivate a number of potentially harmful drugs by
converting them to water-soluble compounds that can be eliminated
from the body in the urine [42]. The ER is also an important organelle
for the storage and release of Ca2+ [43].
Disturbances of the ER homeostasis can be caused by depletion of

Ca2+ [44–46], alterations in the redox status [47], deprivation of glu-
cose [48], gene mutations [49–51], hypoxia [52,53], mitochondrial
dysfunction [54,55] and inflammation [56–58]. In the face of ER stress
the cell triggers an adaptive response, the Unfolded Protein Response
(UPR), which aims to restore homeostasis by increasing folding capa-
city of the ER (through upregulation of chaperones) and by decreasing
the input burden of the ER (by inhibiting general protein synthesis and
promoting degradation of ER-targeted mRNAs). The accumulation of
unfolded proteins within the ER is sensed by three ER trans-membrane
signal transducers: inositol-requiring kinase 1 alpha (IRE1α), double-
stranded RNA-activated protein kinase-like ER kinase (PERK) and ac-
tivating transcription factor 6 (ATF6) [18]. Under homeostatic condi-
tions the chaperone protein GRP78 (also known as BiP) is bound to the
ER luminal domains of IRE1α, PERK and ATF6 preventing their acti-
vation. Under stress conditions, GRP78/BiP is redirected towards un-
folded proteins in the ER, allowing activation of the three transducers.
During ER stress, IRE1α undergoes dimerization and activation

when it is released from GRP78/BiP [59]. IRE1α has both protein ki-
nase and endonuclease activity, catalyzing one of the most studied UPR
events - the splicing of XBP1 mRNA, producing a frame-shift that allows
synthesis of an active transcription factor, XBP1s [60]. XBP1 pre-
ferentially transcribes genes that display the unique ER stress response
element (ERSE). These genes include proteases, which degrade excess
amounts of unfolded proteins by the ER-associated degradation me-
chanism (ERAD), proteins for an increased capacity for ER-chaperoning
and for an increased synthesis of membrane lipids (lipogenesis) for
enlarging ER volume. Similarly, the release of GRP78/BiP from PERK
allows its dimerization and activation which promotes the phosphor-
ylation of eIF2α, and leads to a reduction of general translation [61].
Paradoxically, eIF2α phosphorylation induces the translation of ATF4
mRNA, a transcription factor that regulates the expression of anti-oxi-
dative stress-response genes and genes encoding proteins with pro-
apoptotic functions, such as transcription factor C/EPB homologous
protein (CHOP) [62]. In contrast to the other two transducers, when
ATF6 is liberated from GRP78/BiP it is transported to the Golgi com-
partment, where it is cleaved by site-1-protease (S1P) and site-2-pro-
tease (S2P) [62]. The resultant cytoplasmic fragment is then translo-
cated to the nucleus where it acts as a potent transcription factor

targeting UPR genes, in redundancy with XBP1s. Overall, the main
purpose of UPR induction is to relieve the ER stress and restore normal
cellular homeostasis [18,63].
If ER stress is severe or prolonged, this adaptive response is fre-

quently unsuccessful and ER function is continuously compromised,
then the ER stress may induce pathological changes in the liver such as
hepatic fat accumulation and liver inflammation. In addition, the UPR
can also trigger apoptosis and/or autophagy [29,64–67]. Among other
proteins, CHOP [68], growth arrest-and DNA damage-inducible gene 34
(GADD34) [69], apoptosis signal-regulating kinase 1 (ASK1) [70], and
c-Jun N-terminal kinase (JNK) [71,72] have been reported to regulate a
complex interplay between the adaptive and apoptotic branches of the
UPR response [5]. For example, it was recently reported that CHOP may
favor ER stress-induced apoptosis in hepatocellular carcinoma cells via
inhibition of autophagy. Importantly, in the context of the liver, un-
resolved ER stress has been linked to the development of liver pa-
thology and will be described in the following section.

3. Unresolved ER stress as a mechanism of liver dysfunction

Due to vital role of ER for the hepatic tissue, ER stress has been
explored in liver dysfunction in hepatic viral infections [65,73–75],
metabolic disorders [76,77], mutations of genes encoding ER-resident
proteins, cancers, abuse of alcohol or drugs [78], and non-alcoholic
fatty liver disease (NAFLD) [79]. The increasing interest in the role of
ER stress in liver diseases is contributing to a greater understanding of
liver disease pathophysiology. Still, the direct relationship between ER
dysfunction and liver failure is not completely clear. Unresolved ER
stress, resulting in sustained or chronic ER dysfunction, activates the
CHOP branch of UPR, a pro-death signaling pathway, which causes
apoptotic cell death [80]. Interestingly, the apoptotic cell death could
be prevented at multiple levels by interrupting the pro-death signaling
pathway of UPR, e.g., CHOP deficiency [81]. However, in this case the
initial cause for ER stress will remain, and the ER function will not
recover. Several models show that persistent ER dysfunction will lead to
critical changes in the liver metabolism, such as steatosis, fibrosis,
leading to liver cell damage and finally cell death [35,82,83]. All these
observations show that ER stress results in a disturbed protein and lipid
metabolism, thus representing cellular dysfunction, but does not induce
cell death by itself. The cell death is triggered by the UPR. Thus, per-
sisting ER stress will ultimately result in liver dysfunction, either due to
an increased cell death, or by the unresolved cellular dysfunction. This
persistent cellular dysfunction can be linked to inflammatory responses
in the liver.

4. Inflammatory pathways in liver pathophysiology

Besides its central role in metabolism, the liver also plays important
immunological roles. Foreign antigens deriving from the gastro-
intestinal tract require an appropriate reaction, an innate immune re-
sponse in the case of infectious or toxic material, or immunological
tolerance for the majority of harmless material. PAMPs, such as bac-
terial products, and DAMPs, components, which derive from the host
itself and which may be released following increased tissue damage,
activate pattern recognition receptors, such as the Toll-like receptor
family (TLRs) and intracellular receptors that initiate the inflamma-
some assembly, nucleotide-binding domain and leucine-rich repeat re-
ceptors (NLRs). Activation of these receptors is an integral part of the
immune response of the innate immune system and sets in motion
complex signaling cascades, which lead to the secretion of pro-in-
flammatory cytokines and other inflammatory mediators that co-
ordinate the elimination of pathogens, infected cells and induce the
restoration of tissue homeostasis [84]. However, in the liver in-
appropriate TLR signaling may result in activation of hepatic immune
and stellate cells, and excessive secretion of inflammatory modulators
leading to chronic liver inflammation, injury and fibrosis [85,86].
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Below we consider TLR3 and 4 signaling cascades, which are particu-
larly important for induction of the inflammatory response in liver.
TLR4 signaling includes two major pathways, which recruit dif-

ferent adaptor proteins, a MyD88 (myeloid-differentiation-primary-re-
sponse-gene-88)-dependent and a MyD88 independent/TRIF (Toll/IL-
1R resistance (TIR) domain-containing adapter-inducing IFN-β) de-
pendent pathway [87]. MyD88 is an essential part of the signaling
cascade of all TLRs except for TLR3. Deficiency in TLR4 and the adaptor
protein MyD88 renders mice fully resistant to induction of septic shock
by E. coli [88]. The adaptor protein MyD88 induces TRAF6 –mediated
activation of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) [89], resulting in the transcription of pro-inflammatory
cytokines, such as TNF-α, IL-6 and IL-1β. The MyD88-independent/
TRIF-dependent pathway is unique to TLR3 and TLR4 signaling and
results in interferon (IFN)-β production and a delayed activation of NF-
κB. TLR3 and TLR4, upon ligand-binding, are moved to the endolyso-
some for degradation, where they interact with TRIF residing at the
lysosomal membrane [90]. TRIF associates with the receptor-inter-
acting serine–threonine kinase (RIPK)-1 leading also to an activation of
NF-κB, however, with much slower kinetics [90].
The most effective mediators of inflammation are pro-inflammatory

cytokines. Cytokines activate different effector functions and therefore
act as communicators between the various cell populations residing in
the liver, such as hepatocytes, endothelial cells, liver-resident macro-
phage (Kupffer cell), lymphocyte populations (mainly natural killer T
cells), hepatic stellate cells, and the immune cells which enter the liver
via hepatic arteries and portal vein branches. The cytokines most
commonly associated with hepatic disorders are the pro-inflammatory
cytokines TNF-α, IL-1, IL-6, and transforming growth factor (TGF)-β. In
the liver TNF-α plays an important role for cellular homeostasis, since it
either induces a pro-death signal by activating the apoptotic caspase
cascade, or a pro-survival signal that involves activation of NF-κB [7].
The IL-1 family is fundamental to innate immunity, as their receptors
intimately share components of the signaling cascade used by TLRs. IL-
1 signaling is essential for activating the NF-κB family and is therefore
primarily associated with acute and chronic inflammation [91], as it
may constitute a feed forward inflammatory vicious cycle. IL-6 is the
most important activator of the acute phase protein expression in he-
patocytes, which is shaped in cooperation with members of the IL-1-
family and other cytokines [92,93].
TLR4 is expressed in several cells of the healthy liver. However,

despite the constant challenge with gut-derived LPS, the normal liver
does not show signs of inflammation. This is achieved by the decreased
expression of TLR4 and downstream components of the TLR signaling
cascade, such as the adaptor protein MyD88, in liver residing innate
immune cells compared to other organs and due to the particular ability
to modulate TLR4 signaling [94]. Kupffer cells express TLR4 and are
responsive to LPS and produce TNF-α, IL-1β, IL-6, IL-12, IL-18, and the
anti-inflammatory cytokine IL-10 [95]. Chronic triggering of Kupffer
cells by elevated levels of LPS upregulates TLR4 and enhances TNF-α
production [96]. LPS/TLR4 signaling may also play a role in the pa-
thogenesis of both alcoholic liver injury and non-alcoholic fatty liver
disease (NAFLD). Apparently, in alcoholic fatty liver disease as well as
in NAFLD hepatocyte injury is mediated by TLR4 signaling and MyD88
enhanced TNF-α levels from Kupffer cells, likely via enhanced ROS
production leading to chronic liver inflammation [97].
Activation of Kupffer cells with DAMPs, particularly if primed via

TLR4, also triggers assembly of the inflammasome complex, especially
nucleotide-binding domain, leucine-rich-containing family, pyrin do-
main-containing-3 (NLRP3), which lead to an increased production of
IL-1β via activation of caspase 1 [98]. NLRP3 inflammasome activation
involves TNF-α and IL-17, which perpetuate liver damage [99], and is
therefore of particular importance in the amplification of liver in-
flammation and fibrosis associated with various liver diseases [100]. In

stellate cells TLR4 signaling appears to be critically involved in liver
fibrosis occurring in nearly all liver diseases associated with chronic
inflammation. TGF-β is an important regulator of the synthesis of ex-
tracellular matrix proteins by these cells. Activated hepatic stellate cells
express TLR4 and CD14 and respond to LPS [101].
Activation of the acute phase response is perhaps the most im-

portant link between inflammatory response and ER function. Via the
acute phase proteins hepatocytes contribute to the control of in-
flammation at systemic level, since the acute phase proteins constitute a
first-line and non-specific defence of the organism against invading
pathogens. As stated earlier, this early systemic response requires
STAT3 and the p65 subunit of NF-κB. In fact, STAT3 was first described
as an IL-6-inducible DNA-binding factor that specifically interacts with
enhancer elements located in the regulatory regions of genes encoding
positive acute phase proteins [102]. Besides IL-6 family members
STAT3 activation is achieved also in response to other cytokines, a
variety of interferons or members of the IL-10-family and other stimuli
including growth factors and hormones [103]. While the involvement
of NF-κB expression exerts an inhibitory effect on the STAT3-dependent
expression of γ-fibrinogen and α2-macroglobulin, for other acute phase
proteins, such as C-reactive protein (CRP), or α1-acid glycoprotein
[104] a synergistic or cooperative effect was shown. In addition, a di-
rect role for STAT3 regulating the synthesis of components of the se-
cretory pathway during the acute phase response of the liver was shown
as well [27].
The most intriguing association of inflammation mediated ER stress

is the discovery of the role of cyclic AMP responsive element-binding
protein (CREBH), an ER-localized transcription factor. Similarly to
ATF6 CREBH travels to the Golgi in response to ER stress. Interestingly,
cytokines (IL-1β, IL-6 and TNF-α), but also metabolic signals trigger this
transit, where it is cleaved by S1P and S2P processing enzymes.
However, cleaved CREBH does not activate transcription of UPR genes,
but transcription of acute-phase response genes, such as C-reactive
protein and murine serum amyloid P component [105].
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5. Induction of inflammation by ER stress and UPR (Fig. 2)

Proper protein synthesis is essential for cells with a demanding se-
cretory activity. Thus ER stress triggered by metabolic derangements
may be considered as intracellular danger signals, which are sensed by
specialized structures of the innate immunity. Recent years have shown
that the interaction of different UPR branches occur with microbe
sensing structures, which have the potential to activate inflammatory
cytokine production. In macrophages loaded with cholesterol, which
disturbs the ER membrane homeostasis, ER stress induces both, apop-
tosis and secretion of TNF-α and IL-6 [106,107]. However, the under-
lying mechanisms are not fully elucidated, including the contribution of
the three arms of the UPR. Most evidence points towards a role for
IRE1α signalling through TNF-α-receptor-associated factor 2 (TRAF2)
and PERK signaling through STAT3 in linking ER stress/UPR and in-
flammation.
Apart from its signalling through the splicing of XBP1 mRNA, IRE1α

can also signal through an alternative IRE1α-TRAF2 pathway. It has
been suggested that mild ER stress accompanied by the formation of
IRE1α dimers predominantly catalyzes splicing of XBP1, while upon
additional stress stimuli IRE1α oligomers can be formed which activate
IRE1α-TRAF2 pathway [108]. Phosphorylation of IRE1α creates
binding sites for TRAF2, which leads to JNK activation [109,109]. The
IRE1α–TRAF2 complex can recruit IκB kinase (IKK), which phosphor-
ylates IκB, leading to the degradation of IκB and the nuclear translo-
cation of NF-κB [33], and the expression of NF-κB-dependent cytokines,
and other downstream targets, such as inducible nitric oxide synthase
(iNOS). Additionally, irremediable ER stress hyperactivates the RNase
domain of IRE1α by trans-phosphorylation, which leads to massive
degradation of ER-localized mRNAs, a mechanism called regulated
IRE1-dependent decay (RIDD) [110,111]. Additionally, JNK is phos-
phorylated by the kinase activity of IRE1α to promote apoptosis [112].
Recent reports have adressed the involvement of RIDD in liver diseases
[110]. By this mechanism also inflammation is induced, since persistent
activation of IRE1α facilitates the degradation of miR17, which leads to
the stabilization of thioredoxin-interacting protein (TXNIP) mRNA and
a downstream activation of the NLRP3 inflammasome [113]. As out-
lined above, NLRP3 inflammasome plays a key role in liver inflamma-
tion and fibrosis [99]. In addition, RIDD has recently been linked to the
translational activation of retinoic acid-inducible gene 1 (RIG1), a
member of intracellular receptors that sense RNA viruses [114,115].
Activation of these receptors lead to enhanced production of INF-β, via
NF-κB signalling elements [116], a mechanism which was shown to be
inhibited by hepatitis C virus [117]. Thus, enhanced immune surveil-
lance and viral stress response may be an important consequence of
activated IRE1α-RIDD-RIG1 pathway.
The PERK branch of UPR can undergo two pathways. The classical

pathway is mediated by elF2α (PERK-elF2α pathway) and may serve as
a mechanism eliminating dysfunctional liver cells under physiological
conditions, but it can also aggravate liver diseases. PERK-elF2α
pathway induces the death signaling molecule C/EBP homologous
protein (CHOP). CHOP also can modulate immune response activating
the release of IL-23, which is important in controlling immune re-
sponses by T cells. Knockdown of CHOP significantly reduced the ex-
pression of IL-23 in response to bacterial infection [118]. On the other
hand CHOP has been shown to play a critical role in the induction of
liver diseases, such as steatohepatitis [119]. CHOP is an important
mediator of liver injury induced by IL-1β. Consequently, IL-1β defi-
ciency ameliorates liver inflammation via decreased CHOP expression
and hepatocyte injury [120]. There are differences in the action of
CHOP in different species. CHOP has been shown to activate NF-κB
pathway in human hepatocytes, but not in mouse hepatocytes [121].
CHOP-mediated cell death is a mechanism of action of a number of
drugs used in chemotherapy for hepatocellular carcinoma [68]. ER
stress induced during the acute phase response in hepatocytes was
shown to activate STAT3 [27], possibly mediated by PERK (PERK-

STAT3 pathway), as was recently described in other cell types [122]. It
is not clear yet which mechanism controls the balance between PERK-
elF2α and PERK-STAT3 interaction. However, it appears that PERK-
STAT3 pathway rather than PERK-elF2α pathway is associated with
aggravation of the pathological situation. Activation of PERK-STAT3
signalling accelerates inflammatory response via p38 and ERK resulting
in the release of IL-6 and IL-8 [123].

6. Induction of ER stress and UPR by inflammatory mediators
(Fig. 2)

While UPR transducers can induce an inflammatory response, the
converse can also be observed, specifically the induction of ER stress by
several inflammatory mediators. The ER of hepatocytes is particularly
challenged during the acute phase response, which is triggered by the
inflammatory triad, IL-6, TNF-α and IL-1β, as outlined before. The
changes in protein synthesis demand an increased folding capacity of
the ER. It has been shown that the induction of an ER stress response is
essential for the enhanced expression of acute phase response proteins
[105]. Also, it was shown that an inflammatory stimulus provokes a
phase of elevated ER stress in hepatocytes [58,124]. Although some
studies showed that an appropriate hepatic ER stress response is ben-
eficial in certain inflammatory models, evidence exists that sustained
ER stress and UPR, or failure to return to ER homeostasis, may enhance
hepatic inflammation [125–128].
It appears that inflammatory mediators particularly impact cells

with high protein production rates. Treatment of human beta cells,
which were exposed to IL-1β, TNF-α and IFN-γ, with the chemical
chaperone TUDCA, or suppression of CHOP (or JNK) resulted in pro-
tection against cytokine-induced apoptosis. It was shown that the in-
duced ER stress contributed to human beta cell death, at least in part
via JNK activation [129]. The pro-inflammatory cytokines IL-6, IL-1β
and TNF-α may activate the ER-bound liver-specific transcription factor
CREBH that interacts with components of the UPR, in particular with
the ER stress sentinel ATF6, which is required to synergistically induce
major acute phase response genes, such as serum amyloid P-component
and C-reactive protein [105].
Upon inflammation iNOS is up-regulated, especially in macro-

phages, which can generate high amounts of nitric oxide (NO). NO was
shown to increase ROS production [130], by inhibiting mitochondrial
respiration through nitrosylation of cytochrome c oxidase, or protein
disulphide isomerase (PDI) [131,132]. As was outlined in detail else-
where, ER is not only responding to, but also is a significant source of
oxidative stress within the cell [133]. In hepatocytes the ER resident
cytochrome P450 system is considered to be a significant, if not the
most relevant source of ROS production [134], which is modulated
under stressful conditions. An unbalanced ROS generation activate the
UPR through multiple mechanisms [133]. ROS production and dis-
turbance of the Ca2+ flux between mitochondria and ER [135] con-
stitute a major risk of detrimental crosstalk between both organelles
[136]. Therefore ROS trigger ER stress, which activate particularly the
PERK branch of UPR and elicit an anti-oxidative stress response. In-
creased NO levels result in enhanced expression of pro-apoptotic CHOP,
probably through disturbance of Ca2+ homeostasis in the ER [137] or
via changes of the Ca2+ flux in mitochondria, which involves ATF6
activation [138]. Possibly NO activates the upstream proteases, which
result in cleavage of ATF6 [139].
TLR2- and TLR4-mediated signalling, involved in the host defence

against bacterial pathogens, has been shown to specifically activate
IRE1α-XBP-1 signaling [140,141]. TLRs undergo chaperone-mediated
trafficking involving ER-resident proteins, such as PRAT4 and gp96
[142]. We have found that treatment of rats with LPS led to an in-
creased ER stress response in liver tissue accompanied by morpholo-
gical changes in the ER [58]. In macrophages, stimulation with LPS has
also been shown to selectively activate IREα-XBP1 signalling
[143,144], which subsequently leads to an increased synthesis of IFN-β
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via the MyD88 independent/TRIF dependent TLR4 signalling pathway
[145]. The mechanism selectively activating IRE1α-XBP1 pathway is
not completely understood; several reports suggest that it can be due to
inhibition of two other branches of UPR rather than isolated activation
of the IRE1α-XBP1 pathway [146,147].

7. Feed forward loop comprising secretion of inflammatory
mediators and UPR in liver

The data described above show that inflammation in the liver as
well as the activation of ER stress result in complex intracellular pro-
cesses, which have several points of intersection and crosstalk. They
also indicate that there is a feed forward loop between inflammatory
mediators and branches of the UPR. This loop can be initiated by in-
flammation with the help of immune cells. TLRs on immune cells ac-
tivate IRE1α-TRAF2 signalling leading to NF-κB mediated production
and secretion of variety of inflammatory mediators. The cytokines TNF-
α and IL-1β, together with iNOS play a particularly important role in
this phase. TNF-α and IL-1β can interact with nearly all classes of liver
cells inducing elevated levels of intracellular ROS and disturbance in
Ca2+ homeostasis. Mitochondria rather than the ER are the source of
increased generation of intracellular ROS in the inflammatory response
[148]. In addition NADPH-oxidase, activated by IL-1β may further
contribute to the elevated ROS levels in liver cells [149]. Elevated levels
of ROS and disruption of Ca2+ metabolism can induce ER stress re-
sulting in activation of all three UPR branches. This induction is so
strong, that not only canonical elF2α, ATF6 and XBP1-dependent UPR
pathways are activated, but also STAT3 and TRAF2-mediated signaling
pathways. The latter two further aggravate the inflammatory response
and ER stress. The pro-inflammatory cytokine triad TNF-α, IL-1β and
IL-6 plays a predominant role in this process. Apart from this me-
chanism the up-regulation of iNOS by NF-κB stimulates the production
of NO, which has been shown to elevate mitochondrial ROS (mitoROS)
production in hepatocytes. Further mitoROS were shown to up-regulate
iNOS, which produce a ROS-NOS feed forward cycle [130]. It was
shown that besides its main role as a transcription factor for in-
flammatory cytokine production, a portion of STAT3 is localized to
mitochondria, where it controls the electron transport chain and limits
mitoROS production [150]. However, oxidative stress or inflammatory
cytokines lead to a rapid depletion of mitochondrial STAT3 [151].
Further, very recently STAT3 was shown to decrease Ca2+ release from
ER and protect against ER/mitochondrial Ca2+ flux modulated apop-
tosis [152]. Thus, besides its role as transcription factor STAT3 turns
out to have important roles in the regulation of mitochondrial and ER
functions.
There are three possible scenarios to overcome the vicious cycle of

compromised ER stress and inflammation described above and rescue
cells: (i) Activation of the adaptive branch of the UPR, which would
interrupt this vicious cycle at the level of the ER, thus precluding
downstream organ dysfunction. (ii) Activation of the death branch of
the UPR, causing cells to die via apoptosis, which would result in organ
dysfunction due to reduced cell number. (iii) Signaling by the UPR is
blocked such that the ER stress remains unresolved and organ dys-
function occurs due to accumulation of live but non-functional or
dysfunctional cells. Only the first scenario prevents organ dysfunction
and thus therapies that could promote adaptive UPR signaling may be
beneficial. Similarly, in the second scenario rescue of cells from un-
dergoing cell death may also be achieved by promoting adaptive UPR
signaling. In the latter scenario, therapies to interfere with the cross-
talk between ER stress and inflammation may block the vicious cycle.

8. Therapy targeting UPR in liver diseases

Compounds targeting ER stress/UPR in liver consist of two general
classes - those acting at the level of the ER luminal chaperones, irre-
spective of the specific branches of UPR, and those working at the level

of specific UPR branches as inhibitors or activators. Since different
branches of UPR can serve as either pro-survival or pro-apoptotic sig-
naling the manipulation of ER stress and UPR may either kill or rescue
the cells. There are substances regulating expression of natural cha-
perones. Acetylshikonin activates expression of GRP78/BiP, while
berberine and geldanamycine inhibit expression of chaperones. Another
class of substances consist of chemical chaperones, which interact di-
rectly with misfolded proteins, such as TUDCA. Salubrinal and sinu-
lariolide modulate the PERK branch, acting as inhibitor or activator
respectively. Salicylamide analog and resveratrol were shown to inhibit
IRE1α signaling while querzitine activates this branch of UPR. Baicalein
and apigenin have been shown to up-regulate ATF6 and consequently
activate this branch of UPR. Acetylshikonin (a derivative of shikonin)
induces ER stress and causes apoptosis in hepatocellular carcinoma cells
[153]. Berberine has been shown to ameliorate the progression of he-
patic steatosis to steatohepatitis and fibrosis by reducing ER stress
[154]. 17-allylamino-17-demethoxygeldanamycin (17AAG), a gelda-
namycin derivative, has been shown to inhibit the viability of hepato-
cellular carcinoma cells lines with various levels of metastatic potential
[155]. TUDCA, which has been shown to attenuate ER stress and pro-
tect the liver from hypoxia induced injury [156], reverts liver fibrosis in
a model of cholestatic liver disease [157], attenuates hepatocarcino-
genesis by suppressing carcinogen-induced ER stress-mediated cell
death, and inflammation without stimulating tumor progression [158],
and it could improve graft survival in liver transplantation [159]. Sa-
lubrinal has been shown to diminish cell death in hepatocellular car-
cinoma [160,161]. In contrast sinulariolide accelerated cell death in
hepatocellular carcinoma [160]. Resveratrol has been shown to prevent
hepatic steatosis and alleviate hepatocellular apoptosis [162]. Resver-
atrol also attenuates ethanol-induced hepatocyte apoptosis [163]. In
contrast, quercetin induced apoptosis and ER stress, but to our best
knowledge it was not tested in hepatocytes, but in other cell types, such
as cervical carcinoma [164] and pancreatic cells [165]. Finally, baica-
lein has been shown to induce apoptosis and autophagy via ER stress in
hepatocellular carcinoma cells [166].

9. Conclusion (Fig. 3)

Considering the importance of proper protein synthesis, ER stress,
which may be induced by adverse metabolic conditions, can be un-
derstood as an internal danger signal for liver cells with a high secretory
activity. In accordance with the severity of this stress condition several
options must be available to correct the occurring problem. A fine-
tuned response is achieved by redundancy of the three UPR branches,
which allow amplification on the one hand (all three UPR branches
activate ERSE-containing genes) and cooperation of the signals on the
other hand (PERK pathway mediates a translational arrest and IRE1α
activation stimulates endonuclease activity to degrade ER associated
RNA). In some situations ER stress is caused by pathogenic (PAMPs) or
injury derived material (DAMPs). Therefore the UPR intersects at sev-
eral points with signalling of the innate immune response to induce or
enhance inflammation. If resolution of ER stress or resolution of in-
flammation is impaired, ER stress is aggravated and moves UPR from a
physiological to a dangerous pathological response, via a feed forward
loop which enhances inflammation. The understanding of the interac-
tion sites of UPR and inflammatory pathways is essential for our un-
derstanding of mechanism underlying the transformation of the phy-
siological UPR into a feed forward loop appearing as a vicious cycle
causing liver dysfunction. A body of literature suggests that in-
flammatory cytokines (i.e., TNF-α, IL-1β, IL-6) and two branches of
UPR (IRE1α and PERK) play a critical role in this transition. This vi-
cious cycle can be started either by adverse metabolic conditions or by
mediators of inflammation and may be interrupted by anti-in-
flammatory drugs on the one hand and by drugs affecting UPR on the
other. In the past, anti-inflammatory therapies were almost exclusively
was used to treat liver diseases associated with inflammation. However,
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in the last decade many UPR targeted drugs have been developed,
which now offer the opportunity to treat liver diseases by targeting the
UPR side. Such a combined therapy targeting inflammation and UPR
together may result in a breakthrough in therapeutic strategies for liver
diseases.
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Fig. 3. Feed forward loop consisting of ER stress, UPR and inflammation.
Initially this loop can be started by inducers of inflammation (PAMPs and
DAMPs) or/and by metabolic changes affecting ER function. Moderate ER stress
induces three “classical branches” of UPR, IRE1α/XBP1, ATF6 and PERK/
elF2α. Activation of these branches leads to the resolution of ER stress, rather
than to its aggravation. Severe ER stress results in activation of PERK/STAT3
and IRE1α/TRAF2 signalling, which feed several inflammatory pathways, JNK,
NLRP3, NF-κB. These pathways generate inflammatory cytokines, which sub-
sequently can either resolve inflammation (IL-10) or further aggravate ER stress
(IL-1β, TNF-α, IL-6) accelerating the feed forward loop and causing liver
failure. IRE1α/RIDD pathway is likely contributing to both pathological and
physiological pathways.
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