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Abstract
Current evidence suggests a prominent role for endoplasmic reticulum (ER) stress and activation
of the unfolded protein response (UPR) in fibrotic conditions affecting a number of internal
organs, including the lungs, liver, GI tract, kidney, and heart. ER stress enhances the susceptibility
of structural cells, in most cases the epithelium, to pro-fibrotic stimuli. Studies suggest that ER
stress facilitates fibrotic remodeling through activation of pro-apoptotic pathways, induction of
epithelial-mesenchymal transition, and promotion of inflammatory responses. While genetic
mutations that lead to ER stress underlie some cases of fibrosis, including lung fibrosis secondary
to mutations in surfactant protein C (SFTPC), a variety of other factors can cause ER stress. These
ER stress inducing factors include metabolic abnormalities, oxidative stress, viruses, and
environmental exposures. Interestingly, the ability of the ER to maintain homeostasis under stress
diminishes with age, potentially contributing to the fact that fibrotic disorders increase in
incidence with aging. Taken together, underlying ER stress and UPR pathways are emerging as
important determinants of fibrotic remodeling in different forms of tissue fibrosis. Further work is
needed to better define the mechanisms by which ER stress facilitates progressive tissue fibrosis.
In addition, it remains to be seen whether targeting ER stress and the UPR could have therapeutic
benefit.
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Introduction
In addition to its role in neurodegenerative diseases and diabetes, endoplasmic reticulum
(ER) stress is emerging as a factor in a variety of diseases that result in fibrotic remodeling
of internal organs, including liver, gastrointestinal (GI) tract, kidneys, heart, and lungs [1–7].
The ER is an important intracellular organelle whose tasks include facilitating the
conversion of nascent proteins to functional forms. Conditions such as calcium depletion,
glucose or nutrient deprivation, viral infections, environmental exposures, aging, or
expression of mutant proteins can alter the functionality of the ER, resulting in ER stress. To
maintain homeostasis, cells rely on protective mechanisms to help them cope with ER stress,
pathways referred to collectively as the unfolded protein response (UPR). The UPR
encompasses three transmembrane proteins that act as sensors of ER stress with activation of
downstream pathways orchestrating a cascade of events that have evolved to protect the cell
[1]. Cells with high metabolic activity or with high secretory function rely on the UPR
pathways to maintain homeostasis in the setting of ER stress. Perhaps this is best illustrated
in the function of plasma cells, which rely on a highly functioning UPR to maintain
homeostasis in the setting of immunoglobulin production. However, when ER stress is
severe or prolonged, cellular dysfunction can ensue, resulting in injury or death,
inflammatory signaling, and/or phenotype transition. This review focuses on structural cells,
primarily epithelial cells, where evidence indicates that ER stress can enhance vulnerability
to injury and facilitate fibrotic remodeling in a variety of tissues. Although the mechanisms
linking ER stress and fibrosis are incompletely understood, we will discuss the current state
of knowledge regarding the contribution of ER stress and the UPR to cellular dysfunction
and fibrosis.

Endoplasmic Reticulum Stress and the Unfolded Protein Response
The endoplasmic reticulum (ER) is an organelle found in all eukaryotic cells. It is crucially
involved in protein folding, lipid synthesis, glycogen production and storage, and calcium
metabolism [1]. Under normal physiological conditions, chaperone proteins assist in folding
of nascent proteins, thereby preventing aggregation of proteins in the ER. Immunoglobulin
heavy-chain-binding protein (BiP), also referred to as glucose regulated protein 78 (GRP78),
is an important chaperone that is typically increased when ER stress is encountered. In fact,
upregulation of BiP can serve as an indicator of ER stress [8–10]. BiP binds to
transmembrane sensor proteins PKR-like endoplasmic reticulum Kinase (PERK), activating
transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE-1), maintaining each in
its inactive state [11]. With protein accumulation in the ER, BiP interacts with these nascent
proteins and is released from these transmembrane sensors. Once unbound from BiP, these
three transmembrane proteins can then assume their activated state, leading to the cascade of
events known as the UPR (Figure 1). PERK and IRE-1 are activated by phosphorylation
while ATF6 is activated by proteases. These UPR proteins then act to maintain homeostasis
and normal functioning of the ER and the cell through attenuating protein translation,
increasing cytoprotective factors, enhancing production of folding chaperone proteins, and
up-regulating expression of pro-degradation factors (Figure 1) [12,13]. However, when these
UPR mechanisms fail or when the UPR is hyperactivated, apoptotic cell death can occur
[14].

Activation of PERK occurs by trans auto-phosphorylation and dimerization. Activated
PERK phosphorylates the α-subunit of eukaryotic translational initiation factor 2 (peIF2α),
which hinders global protein synthesis [15]. The importance of PERK in cell survival in the
setting of ER stress was established by studies in which cells with mutant PERK were
shown to be unable to phosphorylate eIF2α leading to increased sensitivity to induction of
ER stress and greater cell death [16]. In addition to inhibition of protein translation, peIF2α
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induces the expression of ATF4, which has been shown to increase expression of protective
redox proteins as well as the pro-apoptotic protein CCAAT/enhancer binding protein (EBP)
homologous protein (CHOP) [17]. As a result, a delicate balance appears to dictate whether
phosphorylated eIF2α dependent mechanisms are pro- or anti- apoptotic [15–17]. Along
these lines, cells from ATF4 knockout mice are more sensitive to oxidative damage [16,18].

ATF6 is an important component of the UPR pathways and has been implicated in several
diseases. When activated by ER stress, ATF6 translocates to the golgi, where it is cleaved by
site1 and site2 proteases into an NH2 terminal domain and a cytosolic domain. The cleaved
cytosolic domain is then transported into the nucleus where it activates the transcription of
several ER proteins such as BiP, X-box binding protein 1 (XBP1), GRP94, calreticulin,
calnexin, protein disulfide isomerase (PDI), and CHOP[10,19–21]. ATF6 has two isoforms -
ATF6α and ATF6β. Of the two isoforms, ATF6α has been shown to be most important for
cell survival under ER stress. Double knockouts of ATF6α and ATF6β results in embryonic
lethality while single gene deletion of ATF6α or ATF6β does not result in an obviously
abnormal phenotype. However, when ATF6α knockout mice are challenged with
intraperitoneal injection of the ER stress inducing agent tunicamycin, survival of mice is
reduced compared to wild type controls [22].

IRE-1 is a transcription factor in the UPR pathway and its importance in the UPR is well
established in studies from mammalian cells. It exist in two isoforms - IRE-1α and IRE-1β
When activated, IRE-1 undergoes dimerization, with the RNase domain of IRE-1 cleaving
XBP1 into its spliced (and active) form. Spliced XBP1 acts as a transcription factor and
promotes the transcription of ER associated degradation (ERAD) target genes such as ER
degradation enhancing α-mannosidase-like protein (EDEM) [23,24]. Knockouts of IRE-1
and XBP1 are embryonic lethal with defects in liver development. Intestinal epithelial
specific deletion of XBP1 results in loss of paneth cells by apoptosis [25,26]. Together,
these studies suggest a protective effect of XBP1 in liver and intestine. Recent studies also
indicate a prominent role for IRE-1 in cell death associated with chronic ER stress.
Prolonged exposure of both primary mouse β-cells and rat insulinoma cell line (INS-1) to
glucose results in increased expression of IRE-1α leading to insulin mRNA degradation and
apoptosis [27]. IRE-1α degrades mRNAs encoding membrane bound and secretory proteins
through a mechanism called regulated IRE-1- dependent decay (RIDD) [28,29]. In studies
by Han et al. in INS-1 cells [30], the RNase domain of IRE-1 was shown to function not
only by generating the protective spliced form of XBP1, but also by mRNA degradation and
effects on cell survival independent of XBP1 splicing. Thus, IRE-1 pathway activation may
improve cell survival, but can also contribute to cell death in situations of chronic ER stress.

An important mechanism by which accumulated unfolded proteins in the ER are eliminated
is through the ERAD pathway. Both ATF6 and IRE-1 pathways play a role in the ERAD
pathway as ATF6 and IRE-1 knockout mice both show defects in the ability to activate
ERAD components [19,31–33]. In addition to ERAD, cells can also eliminate proteins that
accumulate in the ER through activation of autophagy, which is a catabolic process
mediated through the lysosomal pathway [34,35]. However, it is not clear whether ER stress
mediated autophagy protects cells from undergoing apoptosis, as some data suggest that it
also induces cell death [36–38].

When a cell encounters prolonged ER stress or is overloaded with accumulation of proteins
in the ER, cell death pathways such as caspase-4 (and its murine homolog caspase-12),
CHOP, and c-Jun NH2-terminal kinase (JNK) are activated [1,39–41]. Caspase-4 is found in
the ER membrane, providing a direct link between ER stress and activation of the caspase
pathway [39]. CHOP is also a major regulator of cell death under ER stress. In vitro
overexpression of CHOP results in apoptosis, while deficiency of CHOP protects cells from
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apoptosis [42,43]. However, apoptosis can be induced in CHOP knockout mice after
exposure to ER stress inducing agents, indicating that CHOP independent pathways are also
important in ER stress associated cell death.

Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF) is the most common and severe of the idiopathic
interstitial pneumonias with a mortality rate greater than 50% within 3 years of diagnosis
[44]. Over the past decade, multiple lines of evidence have indicated a role for ER stress in
the pathogenesis of IPF and its familial form, known as familial interstitial pneumonia (FIP).
Initial insights into the role of ER stress in IPF came from the observation that mutations in
the gene encoding surfactant protein C (SFTPC) were associated with FIP in both children
and adults [45,46]. Type II alveolar epithelial cells (AECs) secrete surfactant protein C (SP-
C), a highly hydrophobic protein, into the alveolar space [45,46]. Because of its marked
hydrophobicity, SP-C must be processed through the ER as a pro-protein, with subsequent
cleavage steps in the secretory pathway yielding the mature protein that is secreted into the
alveolar space [47,48]. Folding of the carboxy-terminal region of the pro-protein occurs in
the ER, and mutations in this region of the gene result in a protein product that is misfolded,
leading to protein accumulation and ER stress [6,49]. In 2008, we evaluated human lung
tissues samples from FIP patients with a mutation in SFTPC (L188Q), FIP patients without
SFTPC mutations, and sporadic IPF patients for expression of BiP, EDEM and XBP1[6].
These ER stress markers were prominently expressed in AECs lining areas of fibrosis in
patients with SFTPC mutations as well as patients with lung fibrosis in the absence of
SFTPC mutations. Subsequently, Korfei et al reported that AECs lining areas of fibrosis in
IPF lung tissue sections not only had expression of ER stress markers, but these same cells
also had activation of pro-apoptotic pathways [7].

In vitro studies in which carboxy-terminal SFTPC mutations are expressed in lung epithelial
cell lines revealed mutant protein accumulation in the ER, leading to ER stress and UPR
pathway activation [6,49–51]. Similar to SFTPC, mutations in the gene encoding surfactant
protein A2 (SFTPA2) have been linked to cases of FIP [52]. Modeling of these SFTPA2
mutations in vitro suggests that the resultant mutant proteins cause ER stress and UPR
pathway activation [52,53].

Recently, we developed a mouse model in which the L188Q SFTPC mutation is inducibly
expressed in type II AECs [51]. Such expression leads to ER stress in the type II AEC
population, but these cells are able to maintain homeostasis in the setting of ER stress
without the development of lung fibrosis. However, following low dose bleomycin, these
mice develop excessive lung fibrosis. In a separate model, we induced ER stress in the lungs
of wild type mice by intratracheal administration of tunicamycin. As with mutant SFTPC
expression, ER stress alone did not cause lung fibrosis, but did predispose to greater
bleomycin induced fibrosis [54]. Taken together, these studies suggest that ER stress leads
to a vulnerable AEC population with predisposition to fibrosis after injury.

Of the potential mechanisms linking ER stress to fibrosis in the lungs, induction of apoptosis
is the best characterized. Increased apoptosis is observed in lung epithelial cell lines when
mutant forms of SFTPC (Δexon4 and L188Q SFTPC) are expressed, with studies revealing
this process is partially mediated through a caspase-4 (caspase-12) mechanism [6,49,50]. In
vivo, transgenic mice expressing the Δexon4 SFTPC mutation under the human SFTPC
promoter had abnormal branching morphogenesis in the lung, with evidence supporting a
prominent role for protein misfolding and abnormal surfactant protein processing, as well as
lung epithelial cell apoptosis[55]. In our model in which we conditionally expressed mutant
L188Q SFTPC exclusively in type II AECs, these mice did not have increased AEC
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apoptosis with transgene expression alone; however, when challenged with a low dose of
bleomycin, L188Q SFTPC expressing mice had greater AEC death as detected by TUNEL
staining, along with evidence of increased caspase-12 and caspase-3 activation [54].

Another mechanism through which ER stress in epithelial cells may contribute to fibrosis is
through shift to a mesenchymal phenotype. Hepatocytes, kidney tubular epithelial cells, and
AECs have all been described to undergo epithelial-mesenchymal transition (EMT) under
pathological conditions [56–58]. A relationship between ER stress and epithelial cell
plasticity was first demonstrated in thyroid epithelial cells where induction of ER stress via
tunicamycin administration led to EMT [59]. Consistent with this finding, we and others
have shown recently that induction of ER stress in lung epithelial cells, either through
expression of mutant SFTPC or following exposure to tunicamycin, leads to EMT via Src
and Smad signaling [51,60]. Further, we showed that this mechanism is likely mediated
primarily through IRE-1α signaling [51]. Recently, a study by Baek et al revealed that UPR
activation may also be involved in myofibroblast differentiation of lung fibroblasts [61],
extending this potential association between ER stress and cellular plasticity.

Taken together, multiple lines of evidence implicate ER stress in the AEC population as
having a prominent role in the pathogenesis of IPF. Interestingly, however, mouse modeling
suggests that induction ER stress alone is not sufficient for the development of fibrosis, but
when present, ER stress generates an AEC population that is vulnerable to the effects of
additional injurious stimuli.

Liver Fibrosis
Liver fibrosis is seen in many types of chronic liver diseases [62]. ER stress pathway
components have been observed in several forms of liver diseases [63]. Alpha 1-antitrypsin
deficiency is a genetic disorder caused by defective production of α1-antitrypsin (α1AT),
with lung manifestations in adults and liver disease in adults and children [64]. Liver disease
manifestations result from hepatocyte accumulation of a mutant form of α1AT with
resultant ER stress. ER stress pathway components BiP and CHOP have been noted to be
markedly increased in experimentally induced liver fibrosis in transgenic mice expressing
the α1AT Z mutant protein [65]. In this model, α1AT Z mutant protein accumulates in the
ER of hepatocytes, suggesting that ER stress sensitizes hepatocytes to injury and fibrosis.
Furthermore, studies in liver cells demonstrate both proteosome and non-proteosomal
pathways are activated to degrade the α1AT accumulated in the ER of liver cells [12].

In another model, liver fibrosis and acute liver injury were greatly attenuated in CHOP
deficient mice following bile duct ligation [2,65–67]. Transforming growth factor β1
(TGFβ1) is a potent profibrotic cytokine secreted by many different cells [68,69], and its
expression was completely abolished in CHOP deficient mice [2,64]. Similarly, αSMA
expression, a marker of myofibroblasts, was markedly decreased in CHOP deficient mice
[2,67]. More recently, Mu et. al.[3], using a rat model of fibrosis induced by methionine–
choline-deficient diet (MCDD), demonstrated that ER stress markers, such as BiP and PDI,
were markedly enhanced in rats fed with MCDD compared to those fed a control diet [3]. In
addition, αSMA, TGFβ1, and collagen were increased in MCDD fed rats. Both ER stress
and fibrosis were reversed when MCDD fed rats were given a normal diet.

When ER stress was induced in primary hepatocytes by exposure to fatty acids, CHOP
expression was found to be up-regulated [67]. SiRNA knock down of CHOP in a hepatocyte
cell line protected these cells from apoptosis when challenged with the ER stress inducing
agent thapsigargin and this protective effect was mediated via inhibition of the JNK pathway
[67]. Similarly, hepatocytes from CHOP null mice had reduced apoptosis when exposed to
toxic stimuli such as glycochenodeoxycholic acid or intragastric ethanol feeling [2,66,67].
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Taken together, these studies suggest that the ER stress pathway contributes to genetic and
injury-induced models of hepatic fibrosis and that CHOP may be an important player in
liver fibrosis through effects on hepatocyte survival.

Inflammatory Bowel Disease
Intestinal fibrosis results from chronic inflammation in the pathogenesis of Crohn’s disease
(CD) and ulcerative colitis (UC), the two prominent forms of inflammatory bowel disease
(IBD) [70]. Several studies strongly correlate ER stress with inflammation in IBD. Analysis
from human biopsy samples with CD and UC demonstrated that BiP mRNA expression and
XBP1 splicing are markedly increased not only in inflamed mucosa but also in areas of
mucosa without inflammation, suggesting that ER stress might be a common underlying
abnormality in IBD [25]. In the dextran sodium sulphate (DSS) colitis model, IRE-1β
knockout mice developed more severe colitis compared to wild type controls as measured by
infiltration of mononuclear leukocytes on tissue sections and prominent immunostaining for
Intercellular Adhesion Molecule 1 (ICAM-1) in the mucosa of the distal colon. Consistent
with these findings, it was recently demonstrated that intestinal epithelial cell specific
deletion of XBP1 resulted in spontaneous inflammation with increased levels of tumor
necrosis factor α (TNFα) as well as polymorphonuclear cell infiltrates in the small intestine
(but interestingly not in the colon), which were accompanied by paneth cell apoptosis
mediated via the JNK pathway. Interestingly, ER stress markers BiP and CHOP were also
markedly increased in these mice [25,26]. The role of ER stress in intestinal inflammation is
well documented in mice with mutations in the Muc2 gene. Muc2 is a component of mucin
secreted by goblet cells in the small and large intestine. Heazelwood et al. generated two
strains of mice with a missense mutation in Muc2 using chemical mutagenesis [71]. In both
mice strains, Muc2 protein accumulated in the ER with concomitant increased BiP
expression and increased XBP1 splicing in the intestinal epithelium. These mice developed
spontaneous inflammation in the large intestine and supernatants from explant cultures of
distal colon from these mice had increased inflammatory cytokines such as interleukin-1β
(IL-1β), TNF-α, and interferon-γ (IFN-γ)compared to wild type controls Thus, multiple
avenues of investigation implicate ER stress as having a key role in the pathogenesis of IBD,
likely through effects on inflammation and apoptosis of epithelial cells.

Renal Fibrosis
Tubular interstitial injury is a major cause of chronic kidney diseases [72], and the role of
ER stress in kidney fibrosis has been explored recently. Kimura et al. [73] developed mutant
mice in which BiP does not have the carboxyl terminal Lys-Asp-Glu-Leu (KDEL) ER
retention sequence that functions to retain BiP in the ER lumen. Interestingly, homozygous
mice died a few hours after they were born with defects in surfactant protein C synthesis and
respiratory failure [74,75]. Heterozygous mice, however, developed renal fibrosis and
tubular atrophy with age [73].

In the kidney, apoptosis, and EMT have been associated with ER stress. Apoptosis has been
noted in tubular epithelial cells in animal models of albumin proteinuria, puromycin
aminonucleoside nephropathy, and cyclosporine induced nephropathy, with in vitro models
suggesting this effect is mediated via CHOP [76,77]. Furthermore, using the unilateral
ureteral obstruction rat model, Chiang et al. showed that tubular epithelial cells have
evidence of ER stress with subsequent apoptosis through activation of the JNK pathway,
culminating in fibrosis [4]. Proximal renal tubular epithelial cells have also been noted to
differentiate into a mesenchymal phenotype under ER stress induced by cyclosporine, with
both TGFβ dependent [78] and TGFβ independent signaling [79], potentially contributing to
fibrosis. Thus, based on experimental evidence to date, the impact of ER stress on kidney
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fibrosis appears to be prominently mediated through regulation of cell survival and
plasticity, findings which are similar to those observed in pulmonary fibrosis.

Cardiac Fibrosis
In the heart, ER stress and the UPR pathway are activated in several disease models
resulting in cardiac remodeling and fibrosis. ER stress markers BiP, PDI and CHOP were
found to be up-regulated in a rat model of cardiac fibrosis induced by subcutaneous injection
of isoproterenol. Treatment with the chemical chaperone 4-phenylbutyric acid (4-PBA) not
only prevented expression of BiP, PDI and CHOP, but also attenuated cardiac fibrosis in this
model [5,80]. In another model of cardiac fibrosis induced by angiotensin II, Kassan et al.
showed that ATF4, peIF2α, and CHOP were up-regulated, along with increased levels of
TGFβ1, Smad signaling, and collagen I expression. Interestingly the chemical chaperone 4-
PBA attenuated cardiac fibrosis, as well as TGβ1 expression and Smad signaling [81]. These
findings show that ER stress in cardiac myocytes affects fibrotic remodeling, but further
work is needed to identify the mechanisms involved. Unlike other organs where ER stress in
the epithelium appears important in fibrotic diseases, these studies highlight the potential
importance of ER stress in other cell types with high metabolic activity and suggest that ER
stress in these cells could also render them vulnerable to fibrotic stimuli.

Potential Causes of ER stress in Fibrosis
While genetic causes of ER stress have provided important insights into the connection
between ER stress and fibrosis, genetically determined expression of misfolded proteins
appears to be a rare cause of organ fibrosis. For example, while ER stress pathways are
commonly activated in IPF, only a very small proportion of these cases are related to
misfolded proteins resulting from SFTPC mutations. Likewise, misfolded α1AT underlies
only a small proportion of liver fibrosis. However, several other factors that induce ER
stress have been identified that could be relevant to fibrosis [8,82–84].

Viral infections can result in ER stress and UPR pathway activation related to viral protein
synthesis with subsequent processing through the ER. In hepatocytes, hepatitis C virus and
hepatitis B virus infections result in activation of the UPR pathway [85,86]. In the lung,
herpesviruses, most notably Epstein Barr Virus (EBV) and cytomegalovirus (CMV), can be
found in epithelial cells lining the areas of fibrosis, a pattern which is not observed in normal
lung tissue controls [6,7]. Interestingly, herpesviruses are known to activate UPR pathways
[8], and we have shown that herpesvirus antigens colocalize with ER stress markers in the
hyperplastic epithelium in areas of lung fibrosis [6]. In addition, a recent study showed that
old mice infected with murine γ-herpesvirus 68 develop lung fibrosis, possibly through an
ER stress related mechanism [87]. Taken together, these available data suggest that viral
infections may be involved in the pathogenesis of fibrosis through ER stress induction and
activation of the UPR.

Oxidative stress is another stimulus that can enhance expression of UPR pathway
components [88] and appears to have a role in fibrosis of different organs [89–91]. In
addition to the usual effects of ER stress, induction of the UPR by reactive oxygen species
can result in activation of Nrf2, which is an important transcription factor involved in
induction of Phase 2 enzymes that detoxify carcinogens and oxidants. Activated PERK
phosphorylates Nrf2, which is an alternative means to activate this transcription factor [92].
In Nrf2 deficient mice, cyclosporine A treatment induces greater ER stress and renal fibrosis
compared to wild type mice with increased expression of αSMA and TGFβ [93].

Environmental exposure to airborne particulates and cigarette smoke has been shown to
cause ER stress. Airborne particulates, which have been linked to some forms of pulmonary
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fibrosis [94], activate several pro-fibrotic intracellular signaling pathways [95]. In a recent
study using both in vitro cell culture and an in vivo mouse model, Laing et al. demonstrated
that airborne particulate matter up-regulates PERK and IRE1α pathways with resultant
CHOP mediated apoptosis in both lung and liver cells. Similarly, particulate matter was also
shown to induce expression of ATF4 in bronchial epithelial cells [83,96]. Cigarette smoke
exposure up-regulates UPR related genes in both normal and malignant lung epithelial cells
[82]. Furthermore, UPR pathways are activated in 3T3 fibroblasts following exposure to
aqueous extract of cigarette smoke [97,98]. Currently, the role and importance of ER stress
in mediating the long-term effects of airborne particulates and cigarette smoke in humans
are unknown.

In addition to environmental stimuli, aging may affect ER function. Most chronic diseases
with tissue fibrosis increase in incidence with advanced age. Furthermore, there is evidence
that the ER components involved in protein folding are significantly down-regulated with
age [99,100]. For example, in the kidney, BiP expression is reduced in aged mice compared
to young mice. With age, mice with heterozygous deletion of BiP develop severe interstitial
kidney injury with fibrotic lesions and apoptosis of renal tubular cells mediated through
caspase -12 activation [73]. Taken together, it appears likely that multiple metabolic and
environmental factors have the ability to induce ER stress and activate UPR pathways. As
individuals age, the cumulative nature of these repeated insults may compound the effects of
ER stress. Furthermore, age related decrements in UPR responses may impact the ability of
cells to maintain homeostasis in the setting of ER stress. In concert, these factors may, at
least in part, explain why fibrotic diseases increase in incidence with aging.

Conclusions and Future Directions
In this review, we have provided evidence from recent studies of lung, liver, GI tract,
kidney, and heart that ER stress may play an important mechanistic component in the
development and/or progression of tissue fibrosis. We hypothesize that ER stress
predisposes to a vulnerable cell population, typically the epithelium, in many forms of
fibrosis. In this setting, additional or repetitive exposure to injurious agents likely ignites a
series of events that lead to progressive fibrosis (Figure 2). Many questions, however,
remain unanswered related to the mechanisms of ER stress induction and the specific means
by which the UPR pathway contributes to development of fibrotic diseases. An improved
understanding of these mechanisms could lead to new targeted therapies designed to
alleviate the impact of ER stress on critical cell populations and thus attenuate fibrosis.
However, as we move forward, we must remember that the ER stress response evolved to
protect the cell and that attenuating UPR pathways could have deleterious effects. As a
result, future approaches designed to improve protein processing or ameliorate the down-
stream effects of ER stress (like increased apoptosis) may actually be the best avenues to
pursue in targeting ER stress induced fibrosis. Despite the current gaps in knowledge, we
remain hopeful that an improved understanding of the functions of ER stress and UPR
pathway activation in fibrotic disorders will ultimately lead to new therapies for these
devastating diseases.

Acknowledgments
GRANTS

This manuscript was supported by: NIH NHLBI HL085317, HL092870, HL105479; and the Francis Families
Foundation; HT is a Parker B. Francis Fellow in Pulmonary Research.

Tanjore et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. Schroder M, Kaufman RJ. The mammalian unfolded protein response. Annu Rev Biochem. 2005;

74:739–789. [PubMed: 15952902]

2. Tamaki N, Hatano E, Taura K, Tada M, Kodama Y, Nitta T, Iwaisako K, Seo S, Nakajima A, Ikai I,
Uemoto S. CHOP deficiency attenuates cholestasis-induced liver fibrosis by reduction of hepatocyte
injury. American Journal of Physiology - Gastrointestinal and Liver Physiology. 2008; 294:G498–
G505. [PubMed: 18174271]

3. Mu, Yp; Ogawa, T.; Kawada, N. Reversibility of fibrosis, inflammation, and endoplasmic reticulum
stress in the liver of rats fed a methionine-choline-deficient diet. Lab Invest. 2009; 90:245–256.
[PubMed: 19949375]

4. Chiang CK, Hsu SP, Wu CT, Huang JW, Cheng HT, Chang YW, Hung KY, Wu KD, Liu SH.
Endoplasmic reticulum stress implicated in the development of renal fibrosis. Mol Med. 2011;
17:1295–1305. [PubMed: 21863214]

5. Dickhout JG, Carlisle RE, Austin RC. Interrelationship Between Cardiac Hypertrophy, Heart
Failure, and Chronic Kidney Disease. Circulation Research. 2011; 108:629–642. [PubMed:
21372294]

6. Lawson WE, Crossno PF, Polosukhin VV, Roldan J, Cheng DS, Lane KB, Blackwell TR, Xu C,
Markin C, Ware LB, Miller GG, Loyd JE, Blackwell TS. Endoplasmic reticulum stress in alveolar
epithelial cells is prominent in IPF: association with altered surfactant protein processing and
herpesvirus infection. Am J Physiol Lung Cell Mol Physiol. 2008; 294:L1119–L1126. [PubMed:
18390830]

7. Korfei M, Ruppert C, Mahavadi P, Henneke I, Markart P, Koch M, Lang G, Fink L, Bohle RM,
Seeger W, Weaver TE, Guenther A. Epithelial endoplasmic reticulum stress and apoptosis in
sporadic idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 2008; 178:838–846. [PubMed:
18635891]

8. Isler JA, Skalet AH, Alwine JC. Human cytomegalovirus infection activates and regulates the
unfolded protein response. J Virol. 2005; 79:6890–6899. [PubMed: 15890928]

9. Lee AS. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic
reticulum stress. Methods. 2005; 35:373–381. [PubMed: 15804610]

10. Shen J, Prywes R. Dependence of site-2 protease cleavage of ATF6 on prior site-1 protease
digestion is determined by the size of the luminal domain of ATF6. J Biol Chem. 2004;
279:43046–43051. [PubMed: 15299016]

11. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP and ER
stress transducers in the unfolded-protein response. Nat Cell Biol. 2000; 2:326–332. [PubMed:
10854322]

12. Rutishauser J, Spiess M. Endoplasmic reticulum storage diseases. Swiss Med Wkly. 2002;
132:211–222. [PubMed: 12087487]

13. Tanjore H, Blackwell TS, Lawson WE. Emerging evidence for endoplasmic reticulum stress in the
pathogenesis of idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol. 2012;
302:L721–L729. [PubMed: 22287606]

14. Lin JH, Walter P, Yen TSB. Endoplasmic Reticulum Stress in Disease Pathogenesis. Annu Rev
Pathol Mech Dis. 2008; 3:399–425.

15. Krishnamoorthy T, Pavitt GD, Zhang F, Dever TE, Hinnebusch AG. Tight binding of the
phosphorylated alpha subunit of initiation factor 2 (eIF2alpha) to the regulatory subunits of
guanine nucleotide exchange factor eIF2B is required for inhibition of translation initiation. Mol
Cell Biol. 2001; 21:5018–5030. [PubMed: 11438658]

16. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for translational regulation
and cell survival during the unfolded protein response. Mol Cell. 2000; 5:897–904. [PubMed:
10882126]

17. Ma Y, Brewer JW, Diehl JA, Hendershot LM. Two distinct stress signaling pathways converge
upon the CHOP promoter during the mammalian unfolded protein response. J Mol Biol. 2002;
318:1351–1365. [PubMed: 12083523]

Tanjore et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



18. Harding HP, Zeng H, Zhang Y, Jungries R, Chung P, Plesken H, Sabatini DD, Ron D. Diabetes
mellitus and exocrine pancreatic dysfunction in perk−/− mice reveals a role for translational
control in secretory cell survival. Mol Cell. 2001; 7:1153–1163. [PubMed: 11430819]

19. Lee K, Tirasophon W, Shen X, Michalak M, Prywes R, Okada T, Yoshida H, Mori K, Kaufman
RJ. IRE1-mediated unconventional mRNA splicing and S2P-mediated ATF6 cleavage merge to
regulate XBP1 in signaling the unfolded protein response. Genes Dev. 2002; 16:452–466.
[PubMed: 11850408]

20. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R, Brown MS, Goldstein JL. ER stress
induces cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Mol
Cell. 2000; 6:1355–1364. [PubMed: 11163209]

21. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA is induced by ATF6 and
spliced by IRE1 in response to ER stress to produce a highly active transcription factor. Cell.
2001; 107:881–891. [PubMed: 11779464]

22. Wu J, Rutkowski DT, Dubois M, Swathirajan J, Saunders T, Wang J, Song B, Yau GDY, Kaufman
RJ. ATF6α Optimizes Long-Term Endoplasmic Reticulum Function to Protect Cells from Chronic
Stress. Developmental Cell. 2007; 13:351–364. [PubMed: 17765679]

23. Back SH, Lee K, Vink E, Kaufman RJ. Cytoplasmic IRE1alpha-mediated XBP1 mRNA splicing in
the absence of nuclear processing and endoplasmic reticulum stress. J Biol Chem. 2006;
281:18691–18706. [PubMed: 16644724]

24. Malhotra JD, Kaufman RJ. The endoplasmic reticulum and the unfolded protein response. Semin
Cell Dev Biol. 2007; 18:716–731. [PubMed: 18023214]

25. Kaser A, Lee AH, Franke A, Glickman JN, Zeissig S, Tilg H, Nieuwenhuis EE, Higgins DE,
Schreiber S, Glimcher LH, Blumberg RS. XBP1 links ER stress to intestinal inflammation and
confers genetic risk for human inflammatory bowel disease. Cell. 2008; 134:743–756. [PubMed:
18775308]

26. Kaser A, Blumberg RS. Endoplasmic reticulum stress in the intestinal epithelium and
inflammatory bowel disease. Seminars in Immunology. 2009; 21:156–163. [PubMed: 19237300]

27. Lipson KL, Ghosh R, Urano F. The role of IRE1alpha in the degradation of insulin mRNA in
pancreatic beta-cells. PLoS One. 2008; 3:e1648. [PubMed: 18286202]

28. Hollien J, Weissman JS. Decay of endoplasmic reticulum-localized mRNAs during the unfolded
protein response. Science. 2006; 313:104–107. [PubMed: 16825573]

29. Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS. Regulated Ire1-dependent decay of
messenger RNAs in mammalian cells. J Cell Biol. 2009; 186:323–331. [PubMed: 19651891]

30. Han D, Lerner AG, Vande WL, Upton JP, Xu W, Hagen A, Backes BJ, Oakes SA, Papa FR.
IRE1alpha kinase activation modes control alternate endoribonuclease outputs to determine
divergent cell fates. Cell. 2009; 138:562–575. [PubMed: 19665977]

31. Kincaid MM, Cooper AA. ERADicate ER stress or die trying. Antioxid Redox Signal. 2007;
9:2373–2387. [PubMed: 17883326]

32. Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of endoplasmic reticulum resident
chaperone genes in the unfolded protein response. Mol Cell Biol. 2003; 23:7448–7459. [PubMed:
14559994]

33. Yoshida H. ER stress and diseases. FEBS J. 2007; 274:630–658. [PubMed: 17288551]

34. Hoyer-Hansen M, Jaattela M. Connecting endoplasmic reticulum stress to autophagy by unfolded
protein response and calcium. Cell Death Differ. 2007; 14:1576–1582. [PubMed: 17612585]

35. Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S, Murakami T, Taniguchi M, Tanii
I, Yoshinaga K, Shiosaka S, Hammarback JA, Urano F, Imaizumi K. Autophagy is activated for
cell survival after endoplasmic reticulum stress. Mol Cell Biol. 2006; 26:9220–9231. [PubMed:
17030611]

36. Ding WX, Ni HM, Gao W, Hou YF, Melan MA, Chen X, Stolz DB, Shao ZM, Yin XM.
Differential effects of endoplasmic reticulum stress-induced autophagy on cell survival. J Biol
Chem. 2007; 282:4702–4710. [PubMed: 17135238]

37. Oh S, Lim S. Endoplasmic Reticulum Stress-Mediated Autophagy/Apoptosis Induced by Capsaicin
and Dihydrocapsaicin (DHC) is Regulated by the Extent of JNK/ERK Activation in WI38 Lung
Epithelial Fibroblast Cells. J Pharmacol Exp Ther. 2009:jpet.

Tanjore et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Teckman JH, Perlmutter DH. Retention of mutant alpha(1)-antitrypsin Z in endoplasmic reticulum
is associated with an autophagic response. Am J Physiol Gastrointest Liver Physiol. 2000;
279:G961–G974. [PubMed: 11052993]

39. Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, Koyama Y, Manabe T, Yamagishi S,
Bando Y, Imaizumi K, Tsujimoto Y, Tohyama M. Involvement of caspase-4 in endoplasmic
reticulum stress-induced apoptosis and Abeta-induced cell death. J Cell Biol. 2004; 165:347–356.
[PubMed: 15123740]

40. Obeng EA, Boise LH. Caspase-12 and caspase-4 are not required for caspase-dependent
endoplasmic reticulum stress-induced apoptosis. J Biol Chem. 2005

41. Tessitore A, del PM, Sano R, Ma Y, Mann L, Ingrassia A, Laywell ED, Steindler DA, Hendershot
LM, d’Azzo A. GM1-ganglioside-mediated activation of the unfolded protein response causes
neuronal death in a neurodegenerative gangliosidosis. Mol Cell. 2004; 15:753–766. [PubMed:
15350219]

42. Friedman AD. GADD153/CHOP, a DNA Damage-inducible Protein, Reduced CAAT/Enhancer
Binding Protein Activities and Increased Apoptosis in 32D cl3 Myeloid Cells. Cancer Research.
1996; 56:3250–3256. [PubMed: 8764117]

43. Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, Remotti H, Stevens JL, Ron D.
CHOP is implicated in programmed cell death in response to impaired function of the endoplasmic
reticulum. Genes & Development. 1998; 12:982–995. [PubMed: 9531536]

44. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, Colby TV, Cordier JF, Flaherty
KR, Lasky JA, Lynch DA, Ryu JH, Swigris JJ, Wells AU, Ancochea J, Bouros D, Carvalho C,
Costabel U, Ebina M, Hansell DM, Johkoh T, Kim DS, King TE, Kondoh Y, Myers J, Müller NL,
Nicholson AG, Richeldi L, Selman Ms, Dudden RF, Griss BS, Protzko SL, Schünemann HJ. on
behalf of the ATS/ERS/JRS/ALAT Committee on Idiopathic Pulmonary Fibrosis. An Official
ATS/ERS/JRS/ALAT Statement: Idiopathic Pulmonary Fibrosis: Evidence-based Guidelines for
Diagnosis and Management. American Journal of Respiratory and Critical Care Medicine. 2011;
183:788–824. [PubMed: 21471066]

45. Nogee LM, Dunbar AE III, Wert SE, Askin F, Hamvas A, Whitsett JA. A mutation in the
surfactant protein C gene associated with familial interstitial lung disease. N Engl J Med. 2001;
344:573–579. [PubMed: 11207353]

46. Thomas AQ, Lane K, Phillips J III, Prince M, Markin C, Speer M, Schwartz DA, Gaddipati R,
Marney A, Johnson J, Roberts R, Haines J, Stahlman M, Loyd JE. Heterozygosity for a surfactant
protein C gene mutation associated with usual interstitial pneumonitis and cellular nonspecific
interstitial pneumonitis in one kindred. Am J Respir Crit Care Med. 2002; 165:1322–1328.
[PubMed: 11991887]

47. Nogee LM. Abnormal expression of surfactant protein C and lung disease. Am J Respir Cell Mol
Biol. 2002; 26:641–644. [PubMed: 12034561]

48. Weaver TE. Synthesis, processing and secretion of surfactant proteins B and C. Biochim Biophys
Acta. 1998; 1408:173–179. [PubMed: 9813310]

49. Mulugeta S, Nguyen V, Russo SJ, Muniswamy M, Beers MF. A surfactant protein C precursor
protein BRICHOS domain mutation causes endoplasmic reticulum stress, proteasome dysfunction,
and caspase 3 activation. Am J Respir Cell Mol Biol. 2005; 32:521–530. [PubMed: 15778495]

50. Mulugeta S, Maguire JA, Newitt JL, Russo SJ, Kotorashvili A, Beers MF. Misfolded BRICHOS
SP-C mutant proteins induce apoptosis via caspase-4- and cytochrome c-related mechanisms. Am
J Physiol Lung Cell Mol Physiol. 2007; 293:L720–L729. [PubMed: 17586700]

51. Tanjore H, Cheng DS, Degryse AL, Zoz DF, Abdolrasulnia R, Lawson WE, Blackwell TS.
Alveolar Epithelial Cells Undergo Epithelial-to-Mesenchymal Transition in Response to
Endoplasmic Reticulum Stress. J Biol Chem. 2011; 286:30972–30980. [PubMed: 21757695]

52. Wang Y, Kuan PJ, Xing C, Cronkhite JT, Torres F, Rosenblatt RL, DiMaio JM, Kinch LN, Grishin
NV, Garcia CK. Genetic Defects in Surfactant Protein A2 Are Associated with Pulmonary
Fibrosis and Lung Cancer. The American Journal of Human Genetics. 2009; 84:52–59.

53. Maitra M, Wang Y, Gerard RD, Mendelson CR, Garcia CK. Surfactant Protein A2 Mutations
Associated with Pulmonary Fibrosis Lead to Protein Instability and Endoplasmic Reticulum
Stress. Journal of Biological Chemistry. 2010; 285:22103–22113. [PubMed: 20466729]

Tanjore et al. Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



54. Lawson WE, Cheng DS, Degryse AL, Tanjore H, Polosukhin VV, Xu XC, Newcomb DC, Jones
BR, Roldan J, Lane KB, Morrisey EE, Beers MF, Yull FE, Blackwell TS. Endoplasmic reticulum
stress enhances fibrotic remodeling in the lungs. Proc Natl Acad Sci U S A. 2011; 108:10562–
10567. [PubMed: 21670280]

55. Bridges JP, Wert SE, Nogee LM, Weaver TE. Expression of a human surfactant protein C
mutation associated with interstitial lung disease disrupts lung development in transgenic mice. J
Biol Chem. 2003; 278:52739–52746. [PubMed: 14525980]

56. Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN, Sheppard D, Chapman
HA. Alveolar epithelial cell mesenchymal transition develops in vivo during pulmonary fibrosis
and is regulated by the extracellular matrix. Proc Natl Acad Sci U S A. 2006; 103:13180–13185.
[PubMed: 16924102]

57. Tanjore H, Xu XC, Polosukhin VV, Degryse AL, Li B, Han W, Sherrill TP, Plieth D, Neilson EG,
Blackwell TS, Lawson WE. Contribution of Epithelial Derived Fibroblasts to Bleomycin Induced
Lung Fibrosis. Am J Respir Crit Care Med. 2009:657–665. [PubMed: 19556518]

58. Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du Bois RM, Borok Z.
Induction of epithelial-mesenchymal transition in alveolar epithelial cells by transforming growth
factor-beta1: potential role in idiopathic pulmonary fibrosis. Am J Pathol. 2005; 166:1321–1332.
[PubMed: 15855634]

59. Ulianich L, Garbi C, Treglia AS, Punzi D, Miele C, Raciti GA, Beguinot F, Consiglio E, Di Jeso
B. ER stress is associated with dedifferentiation and an epithelial-to-mesenchymal transition-like
phenotype in PC Cl3 thyroid cells. J Cell Sci. 2008; 121:477–486. [PubMed: 18211961]

60. Zhong Q, Zhou B, Ann DK, Minoo P, Liu Y, Banfalvi A, Krishnaveni MS, Dubourd M, Demaio L,
Willis BC, Kim KJ, duBois RM, Crandall ED, Beers MF, Borok Z. Role of Endoplasmic
Reticulum Stress in Epithelial-Mesenchymal Transition of Alveolar Epithelial Cells: Effects of
Misfolded Surfactant Protein. Am J Respir Cell Mol Biol. 2011; 45:498–509. [PubMed:
21169555]

61. Baek HA, Kim DS, Park HS, Jang KY, Kang MJ, Lee DG, Moon WS, Chae HJ, Chung MJ.
Involvement of endoplasmic reticulum stress in myofibroblastic differentiation of lung fibroblasts.
Am J Respir Cell Mol Biol. 2011:2011–0121OC.

62. Brenner DA. Molecular pathogenesis of liver fibrosis. Trans Am Clin Climatol Assoc. 2009;
120:361–368. [PubMed: 19768189]

63. Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol. 2011; 54:795–809.
[PubMed: 21145844]

64. Stoller JK, Aboussouan LS. Alpha1-antitrypsin deficiency. Lancet. 2005; 365:2225–2236.
[PubMed: 15978931]

65. Mencin A, Seki E, Osawa Y, Kodama Y, De MS, Knowles M, Brenner DA. Alpha-1 antitrypsin Z
protein (PiZ) increases hepatic fibrosis in a murine model of cholestasis. Hepatology. 2007;
46:1443–1452. [PubMed: 17668872]

66. Ji C, Mehrian-Shai R, Chan C, Hsu YH, Kaplowitz N. Role of CHOP in Hepatic Apoptosis in the
Murine Model of Intragastric Ethanol Feeding. Alcoholism: Clinical and Experimental Research.
2005; 29:1496–1503.

67. Pfaffenbach KT, Gentile CL, Nivala AM, Wang D, Wei Y, Pagliassotti MJ. Linking endoplasmic
reticulum stress to cell death in hepatocytes: roles of C/EBP homologous protein and chemical
chaperones in palmitate-mediated cell death. American Journal of Physiology - Endocrinology
And Metabolism. 2010; 298:E1027–E1035. [PubMed: 20159858]

68. Massague J. How cells read TGF-[beta] signals. Nat Rev Mol Cell Biol. 2000; 1:169–178.
[PubMed: 11252892]

69. Zhu HJ, Burgess AW. Regulation of transforming growth factor-beta signaling. Mol Cell Biol Res
Commun. 2001; 4:321–330. [PubMed: 11703090]

70. Lund PK, Rigby RJ. What are the mechanisms of fibrosis in IBD? Inflamm Bowel Dis. 2008;
14:S127–S128. [PubMed: 18816738]

71. Heazlewood CK, Cook MC, Eri R, Price GR, Tauro SB, Taupin D, Thornton DJ, Png CW,
Crockford TL, Cornall RJ, Adams R, Kato M, Nelms KA, Hong NA, Florin TH, Goodnow CC,
McGuckin MA. Aberrant mucin assembly in mice causes endoplasmic reticulum stress and

Tanjore et al. Page 12

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



spontaneous inflammation resembling ulcerative colitis. PLoS Med. 2008; 5:e54. [PubMed:
18318598]

72. Eddy AA. Progression in chronic kidney disease. Adv Chronic Kidney Dis. 2005; 12:353–365.
[PubMed: 16198274]

73. Kimura K, Jin H, Ogawa M, Aoe T. Dysfunction of the ER chaperone BiP accelerates the renal
tubular injury. Biochem Biophys Res Commun. 2008; 366:1048–1053. [PubMed: 18158912]

74. Mimura N, Hamada H, Kashio M, Jin H, Toyama Y, Kimura K, Iida M, Goto S, Saisho H,
Toshimori K, Koseki H, Aoe T. Aberrant quality control in the endoplasmic reticulum impairs the
biosynthesis of pulmonary surfactant in mice expressing mutant BiP. Cell Death Differ. 2007;
14:1475–1485. [PubMed: 17464327]

75. Mimura N, Yuasa S, Soma M, Jin H, Kimura K, Goto S, Koseki H, Aoe T. Altered quality control
in the endoplasmic reticulum causes cortical dysplasia in knock-in mice expressing a mutant BiP.
Mol Cell Biol. 2008; 28:293–301. [PubMed: 17954555]

76. Cybulsky AV, Takano T, Papillon J, Khadir A, Liu J, Peng H. Complement C5b-9 Membrane
Attack Complex Increases Expression of Endoplasmic Reticulum Stress Proteins in Glomerular
Epithelial Cells. Journal of Biological Chemistry. 2002; 277:41342–41351. [PubMed: 12191998]

77. Ohse T, Inagi R, Tanaka T, Ota T, Miyata T, Kojima I, Ingelfinger JR, Ogawa S, Fujita T,
Nangaku M. Albumin induces endoplasmic reticulum stress and apoptosis in renal proximal
tubular cells. Kidney Int. 2006; 70:1447–1455. [PubMed: 16955111]

78. McMorrow T, Gaffney MM, Slattery C, Campbell E, Ryan MP. Cyclosporine A induced
epithelial-mesenchymal transition in human renal proximal tubular epithelial cells. Nephrology
Dialysis Transplantation. 2005; 20:2215–2225.

79. Pallet N, Bouvier N, Bendjallabah A, Rabant M, Flinois JP, Hertig A, Legendre C, Beaune P,
Thervet E, Anglicheau D. Cyclosporine-Induced Endoplasmic Reticulum Stress Triggers Tubular
Phenotypic Changes and Death. American Journal of Transplantation. 2008; 8:2283–2296.
[PubMed: 18785955]

80. Ayala P, Montenegro J, Vivar R, Letelier A, Urroz PA, Copaja M, Pivet D, Humeres C, Troncoso
R, Vicencio JM, Lavandero S, az-Araya G. Attenuation of endoplasmic reticulum stress using the
chemical chaperone 4-phenylbutyric acid prevents cardiac fibrosis induced by isoproterenol. Exp
Mol Pathol. 2012; 92:97–104. [PubMed: 22101259]

81. Kassan M, Galán M, Partyka M, Saifudeen Z, Henrion D, Trebak M, Matrougui K. Endoplasmic
Reticulum Stress Is Involved in Cardiac Damage and Vascular Endothelial Dysfunction in
Hypertensive Mice. Arteriosclerosis, Thrombosis, and Vascular Biology. 2012

82. Jorgensen E, Stinson A, Shan L, Yang J, Gietl D, Albino AP. Cigarette smoke induces
endoplasmic reticulum stress and the unfolded protein response in normal and malignant human
lung cells. BMC Cancer. 2008; 8:229. [PubMed: 18694499]

83. Laing S, Wang G, Briazova T, Zhang C, Wang A, Zheng Z, Gow A, Chen AF, Rajagopalan S,
Chen LC, Sun Q, Zhang K. Airborne particulate matter selectively activates endoplasmic
reticulum stress response in the lung and liver tissues. American Journal of Physiology - Cell
Physiology. 2010; 299:C736–C749. [PubMed: 20554909]

84. Malhotra D, Thimmulappa R, Vij N, Navas-Acien A, Sussan T, Merali S, Zhang L, Kelsen SG,
Myers A, Wise R, Tuder R, Biswal S. Heightened Endoplasmic Reticulum Stress in the Lungs of
Patients with Chronic Obstructive Pulmonary Disease: The Role of Nrf2-Regulated Proteasomal
Activity. American Journal of Respiratory and Critical Care Medicine. 2009; 180:1196–1207.
[PubMed: 19797762]

85. Asselah T, Bièche I, Mansouri A, Laurendeau I, Cazals-Hatem D, Feldmann G, Bedossa P, Paradis
Vr, Martinot-Peignoux M, Lebrec D, Guichard C, Ogier-Denis E, Vidaud M, Tellier Z, Soumelis
V, Marcellin P, Moreau R. In vivo hepatic endoplasmic reticulum stress in patients with chronic
hepatitis C. J Pathol. 2010; 221:264–274. [PubMed: 20527020]

86. Merquiol E, Uzi D, Mueller T, Goldenberg D, Nahmias Y, Xavier RJ, Tirosh B, Shibolet O. HCV
causes chronic endoplasmic reticulum stress leading to adaptation and interference with the
unfolded protein response. PLoS One. 2011; 6:e24660. [PubMed: 21949742]

Tanjore et al. Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



87. Torres-Gonzalez E, Bueno M, Tanaka A, Krug LT, Cheng DS, Polosukhin VV, Sorescu D,
Lawson WE, Blackwell TS, Rojas M, Mora AL. Role of Endoplasmic Reticulum Stress in Age-
Related Susceptibility to Lung Fibrosis. Am J Respir Cell Mol Biol. 2012

88. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death decisions. J Clin
Invest. 2005; 115:2656–2664. [PubMed: 16200199]

89. Kinnula VL, Fattman CL, Tan RJ, Oury TD. Oxidative Stress in Pulmonary Fibrosis. American
Journal of Respiratory and Critical Care Medicine. 2005; 172:417–422. [PubMed: 15894605]

90. Palm F, Nordquist L. Renal oxidative stress, oxygenation, and hypertension, American Journal of
Physiology - Regulatory. Integrative and Comparative Physiology. 2011; 301:R1229–R1241.

91. Poli G. Pathogenesis of liver fibrosis: role of oxidative stress. Molecular Aspects of Medicine.
2000; 21:49–98. [PubMed: 10978499]

92. Cullinan SB, Zhang D, Hannink M, Arvisais E, Kaufman RJ, Diehl JA. Nrf2 is a direct PERK
substrate and effector of PERK-dependent cell survival. Mol Cell Biol. 2003; 23:7198–7209.
[PubMed: 14517290]

93. Shin, Dh; Park, HM.; Jung, KA.; Choi, HG.; Kim, JA.; Kim, DD.; Kim, SG.; Kang, KW.; Ku, SK.;
Kensler, TW.; Kwak, MK. The NRF2-heme oxygenase-1 system modulates cyclosporin A-
induced epithelial-mesenchymal transition and renal fibrosis. Free Radical Biology and Medicine.
2010; 48:1051–1063. [PubMed: 20096777]

94. Byrne JD, Baugh JA. The significance of nanoparticles in particle-induced pulmonary fibrosis.
Mcgill J Med. 2008; 11:43–50. [PubMed: 18523535]

95. Bonner JC. Lung Fibrotic Responses to Particle Exposure. Toxicologic Pathology. 2007; 35:148–
153. [PubMed: 17325983]

96. Watterson TL, Hamilton B, Martin R, Coulombe RA Jr. Urban particulate matter causes ER stress
and the unfolded protein response in human lung cells. Toxicol Sci. 2009; 112:111–122. [PubMed:
19675143]

97. Bosio A, Knorr C, Janssen U, Gebel S, Haussmann HJ, Muller T. Kinetics of gene expression
profiling in Swiss 3T3 cells exposed to aqueous extracts of cigarette smoke. Carcinogenesis. 2002;
23:741–748. [PubMed: 12016146]

98. Hengstermann A, Muller T. Endoplasmic reticulum stress induced by aqueous extracts of cigarette
smoke in 3T3 cells activates the unfolded-protein-response-dependent PERK pathway of cell
survival. Free Radic Biol Med. 2008; 44:1097–1107. [PubMed: 18206657]

99. Castriotta RJ, Eldadah BA, Foster WM, Halter JB, Hazzard WR, Kiley JP, King TE Jr, Horne FM,
Nayfield SG, Reynolds HY, Schmader KE, Toews GB, High KP. Workshop on idiopathic
pulmonary fibrosis in older adults. Chest. 2010; 138:693–703. [PubMed: 20822991]

100. Selman M, Rojas M, Mora AL, Pardo A. Aging and interstitial lung diseases: unraveling an old
forgotten player in the pathogenesis of lung fibrosis. Semin Respir Crit Care Med. 2010; 31:607–
617. [PubMed: 20941661]

Tanjore et al. Page 14

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic illustration of ER stress and the UPR. ATF = activating transcription factor; BiP
= immunoglobulin heavy-chain-binding protein; EDEM = ER degradation enhancing α-
mannosidase-like protein; eIF2α = eukaryotic initiation factor 2α; ER = endoplasmic
reticulum; GADD34 = growth arrest and DNA damage protein 34; IRE = inositol-requiring
enzyme 1 (IRE-1); PERK = PKR-like ER kinase; XBP1 = X-box binding protein 1;
GADD34 = Growth arrest and DNA damage-inducible protein; PDI = Protein disulphide
isomerase; GRP94 = Glucose-Regulated Protein 98; CHOP = C/enhancer binding protein
(EBP) homologous protein; ASK1 = Apoptosis signal-regulating kinase 1; JNK = c-Jun N-
terminal kinases; S1P = site-1 protease; S2P = site-2 protease; RIDD= regulated IRE1-
dependent decay.
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Figure 2.
Schematic of proposed mechanisms by which ER stress may contribute to the development
of pulmonary fibrosis.
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