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Endoplasmic reticulum (ER) stress is a regulatory mechanism that allows cells to adapt to a series
of metabolic, redox, and other environmental changes. The role of ER stress was first identified in
the maintenance of proteostasis. It has since been shown that ER stress is also critical to the
regulation of lipid homeostasis, membrane turnover, and autophagy. ER stress initiates an intrin-
sic signaling network, the unfolded protein response, one component of the multifold and com-
plex cellular signaling process system, which leads to major changes in the profiles of transcription
factors. The unfolded protein response affects several other signaling routes through direct con-
nections and also by indirect means. It directly influences hormone formation and life/death
decisions at a cellular level; this relationship also involves connections to nutrient and environ-
mental sensing-biotransformation processes. In conclusion, ER stress represents an integrated
complex organelle response that makes an essential contribution to the maintenance of intracel-
lular homeostasis. (Molecular Endocrinology 27: 384-393, 2013)

ntracellular metabolic homeostasis is a result of a com-
Iplex interplay between different subcellular compart-
ments. The endoplasmic reticulum (ER), being an essen-
tial regulator in lipid and protein synthesis, is one of the
central hubs of the cross-compartmental signaling net-
work (1, 2).

Various metabolic conditions require an enlarged ca-
pacity in the ER-localized pathways of intermediary me-
tabolism, and this frequently results in proliferation of the
organelle. Two characteristic examples of ER metamor-
phosis are the enhanced synthesis of secretory proteins
(eg, in plasma cells) and the induction of enzymes of bio-
transformation (eg, in hepatocytes and endocrine cells).
Although the former represents a volume stress, that is, an
increased claim for the ER lumen, the latter generates a
surface stress, an enhanced requirement for the ER mem-
brane and membrane proteins. Both conditions can be
resolved by proliferation of the appropriate subdomains
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of the ER: rough ER and/or smooth ER. The regulatory
processes of proteostasis and signalostasis are frequently
integrated with the adaptation of lipid biosynthesis. Al-
though the molecular mechanism of both the unfolded
protein response (UPR) and biotransformation is fairly
well known, the lipid aspect of the process is less well
characterized.

The ER is a separate compartment with a complex
network of membranes. Essentially, the ER is engaged in
synthetic processes. The translation of secretory and
membrane proteins takes place on ER-bound ribosomes,
and posttranslational modifications, including folding
and transport of the proteins, also occur in this organelle.
These posttranslational modifications require several re-
dox constituents, carbohydrate precursors, and lipids for
disulfide bond formation, glycoprotein formation, and
lipidation, respectively. Thus, changes in intraluminal re-
dox homeostasis affect protein folding (for a recent re-

Abbreviations: AHR, aryl hydrocarbon receptor; ATF6, activating transcription factor 6;
Atg1, autophagy related 1; CAR, constitutive androstane receptor; C/EBP, CCAAT/en-
hancer binding protein; ER, endoplasmic reticulum; ERAD, ER-associated protein degra-
dation; IRE1e, inositol-requiring enzyme 1a; LC3, microtuble-associated protein light
chain 3; LD, lipid droplet; LXR, liver X receptor; mTOR, mammalian target of rapamycin;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; Nrf2, nuclear factor-like
2; PERK, PRK-like ER kinase; PPARy, peroxisome proliferator-activated receptor-vy; PRK,
double-stranded RNA-activated protein kinase; PXR, pregnane X receptor; SCAP, SREBP
cleavage activating protein; SREBP, sterol regulatory element-binding protein; UPR, un-
folded protein response; XBP1, X-box binding protein 1.
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view, see Ref. 3); access to carbohydrate precursors and
lipids also determines the ER maturation of proteins (Fig-
ure 1.). Besides its defining role in protein synthesis, the
ER hosts several lipid-processing enzymes; hence, its
proper functioning also determines lipid metabolism.
Furthermore, the ER is an integral part of the intracellular
endomembrane system and provides the lipids and pro-
teins needed for de novo membrane generation (for a
recent review, see Ref. 4). Considering the diverse roles of
the ER, metabolic disturbances and glucolipotoxicity that
influence the delicate balance of the ER can be predicted
to have far-reaching and general consequences (for a re-
cent review, see Ref. 5).

Biotransformation including drug metabolism is a clas-
sic biosynthetic process that prepares low—molecular-
weight compounds for secretion. It has been suggested
that the original physiological targets/substrates/inducers
of drug metabolism enzymes and transporters are signal
molecules (6). Most biotransformation reactions are lo-
calized in ER membranes or in the luminal compartment.
The substrates for these biotransformations are lipid-sol-
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uble endobiotics and xenobiotics, which are mainly con-
verted by ER membrane-bound drug metabolism en-
zymes and translocated by ER membrane-bound drug
metabolism transporters. The expression of these en-
zymes and transporters is frequently regulated in a
coordinated way by various transcription factor gene
batteries. The biotransformation process can result in
inactivation of existing signal molecules and formation
of novel signal molecules. Biotransformation is there-
fore intertwined with cellular signaling. The induction
state of drug metabolism enzymes can determine sev-
eral signaling processes, all of which can be ER homeo-
stasis dependent.

The endomembrane system permits the integration of
the connected nutrient, pathogen, and xenogenic sensing
systems, a phenomenon enabled by the differential redox
homeostasis of the luminal compartment and cytosol (for
a recent review, see Ref. 3). Moreover, redox active thiol
and pyridine nucleotide pools are uncoupled in the ER
lumen. The high oxidized to reduced glutathione ratio,
which ensures the oxidative conditions of the ER, is com-
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Figure 1. ER stressors influence ER proteostasis. Proteins formed in the ER are folded and posttranslationally modified in the luminal
compartment. Various cofactors are required for posttranslational modifications. After the synthesis of the polypeptide chain by the ribosomes,
oxygen is needed for disulfide formation, various carbohydrates for protein glycosylation, and lipids for lipidation. During the folding process, the
proteins are accompanied by different ER chaperones in the luminal compartment. Increased demand for protein folding due to protein overload
or various other ER stressors, eg, redox stress, hypoxia, and metabolic stress, can change supplies of cofactor, thereby influencing the folding
process. Improperly folded immature proteins can be degraded by the ERAD, whereas mature proteins are exported to secretory vesicles.
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mulation of imperfectly mature polypeptides in
the ER lumen (Figure 1). This accumulation is
sensed by ER membrane embedded sensors

Xeno-/eltt{obioﬁcum Metabolic imbalance protein PKR-like ER kinase (PERK), inositol—requiring
exposition glucolipotoxicity overload/misfolding enzyme 1a (IRE1a), and activating transcription
l factor 6 (ATF6), and triggers the UPR (9, 10).
The UPR is primarily a protective and adap-
ER stress tive mechanism aiming to restore the balance
between folding capacity and demand. There-
UP fore, it involves both attenuation of transla-
l \ tion and the enhanced expression of ER chap-
J a“to.phagy\ apopisis erones and the components of ER-associated
signalostasis lipid hiowicostasts ' protein homeostasis protein degradation (ERAD). If the adaptive

v
membrane turnover

Figure 2. ER stressors affect ER membrane formation. Various stressors cause ER
stress directly or indirectly and subsequently UPR. Many of these are connected to
redox imbalance. Through alterations in protein and lipid homeostasis and in
autophagy, the UPR can affect ER membrane turnover. The UPR is also connected to
cellular signaling, which is in turn connected to the actual state of biotransformation,

xeno-/endobiotics exposition.

bined with a reduced nicotinamide adenine dinucleotide
phosphate (NADPH) pool providing reducing power.
This unique redox homeostasis favors biosynthesis, a
characteristic of ER-related processes.

The most powerful physiological regulatory systems
that affect ER homeostasis are ER stress and its related sig-
naling network, UPR. However, overwhelming disturbance
of ER homeostasis may result in a pathological switch. Re-
cent advances show that ER stress, resulting from altered ER
homeostasis, is a common pathomechanism of different dis-
eases such as type 2 diabetes, metabolic syndrome, retinitis
pigmentosa, nonalcoholic fatty liver disease, atherosclerosis,
etc (2, 7, 8). Because ER stress initiates a complex signaling
response, ER is also a subcellular source of signals. The
ER-related signaling, the UPR, has various links to other
signaling routes mediated either by plasma membrane re-
ceptors or intracellular receptors. Taken together, ER sig-
naling is an essential sensing, control, and adaptation mech-
anism in the whole cellular, and also intercellular, signaling
network (9, 10).

UPR in the Regulation of Proteostasis and
in the Formation of ER Membranes

Perturbations in ER homeostasis, especially a change in cel-
lular energy, redox state, or Ca*" homeostasis, interfere
with protein folding in the ER. Regardless of whether ER
stress is due to disturbed ER functions or to increased pro-
tein load, the deficit in folding capacity results in an accu-

mechanisms fail, the UPR switches from pro-
survival to proapoptotic mode. Induction of
CCAAT/enhancer binding protein (C/EBP)
homologous protein (CHOP), and the activa-
tion of c-Jun amino-terminal kinase (JNK), ap-
optosis signal-regulating kinase 1 (ASK1), and
procaspase-12 (or procaspase-4) lead to acti-
vation of the caspase cascade.

The UPR is not restricted to changes in pro-
tein homeostasis. The size and shape of cell
organelles are continually adjusted to the needs of the cell,
which are in turn modulated by the ever-changing envi-
ronment. The growing mass of ER proteins evidently re-
quires the expansion of the ER membrane network, and
hence the UPR is always accompanied by stimulated syn-
thesis of membrane lipids. Enhanced membrane synthe-
sis, and the consequent increase in ER size, can be con-
sidered as an integral yet distinct part of the complex
cellular response to ER stress (Figure 2). Recent findings
in the yeast Saccharomyces cerevisiae indicate that the
expansion of ER volume is a key factor in the ability of
cells to cope with ER stress. This membrane expansion, in
the form of the generation of new ER sheets, has been
shown to require UPR signaling and to be driven by lipid
biosynthesis (11). Stress stimuli leading to membrane-
and lipid-related aberrancies have been shown to activate
the IRE1 branch of the UPR in yeast cells (12).

UPR and Lipid Homeostasis

A series of publications have indicated the complex role of
the UPR in the maintenance of protein and lipid homeo-
stasis and, contrastingly, in the pathomechanism of dis-
turbances due to glucolipotoxicity (Figure 2). Excess of
fatty acids results in ER-related lipid droplet (LD) forma-
tion, which requires a concerted regulation of ER mem-
brane formation and composition. Moreover, protein
lipidation and the starting steps of lipoprotein secretion
also occur in the ER (for a recent review, see Ref. §5)
(Figure 1). The role of ER stress in this aspect has mainly
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been studied in the liver and in adipose tissue. Among the
various branches of the UPR, the function of IRE1 has
particularly been explored.

The expression of genes involved in fatty acid and cho-
lesterol synthesis is stimulated by dietary carbohydrates
through the activation of the IRE1/XBP1 (X-box binding
protein 1) branch of the UPR. It has been shown that the
conditional disruption of XBP1 is followed by decreased
hepatic lipogenesis (13-16). Furthermore, in hepatocytes,
IRE1/XBP1-induced protein disulfide isomerase (PDI) ex-
pression is connected to very-low-density lipoprotein as-
sembly, lipidation, and secretion (Figure 1), which is in
turn connected to the regulation of protein folding and
also to hepatic lipid homeostasis (15).

Activation of C/EBP and peroxisome proliferator-acti-
vated receptor-y (PPAR<y) transcription factors via
PERK-mediated eukaryotic initiation factor 2« phos-
phorylation is also suggested to contribute to the induc-
tion of lipogenic genes (17). Accordingly, inactivation of
the PERK branch has been associated with a profound
decrease in lipogenic enzyme expression in the mammary
gland (18) and with reduced hepatic lipogenesis in ani-
mals fed a high-fat diet (19).

Sterol Regulatory Element-Binding
Proteins in Sterol Response

Sterol regulatory element-binding proteins (SREBPs) are
transcription factor precursors and the principal regula-
tors of lipid synthesis. Inactive SREBPs are associated
with SREBP cleavage activating protein (SCAP) and are
retained in the ER membrane by another membrane pro-
tein, Insig, in the presence of sterols. Lower sterol levels
cause the dissociation of Insig, which allows the vesicular
transport of SREBP and SCAP to the Golgi. Once in the
Golgi apparatus, SREBP is cleaved by S1P and S2P pro-
teases to yield a soluble cytoplasmic portion of SREBP,
which can act as a transcription factor (20, 21).

Activated SREBPs up-regulate the synthesis of en-
zymes involved in lipogenesis and sterol biosynthesis.
SREBP-1 comprises two isoforms, SREBP-1a and
SREBP-1c¢, generated by alternative splicing. SREBP-1c¢
is responsible for the transcriptional regulation of de
novo lipogenesis and is expressed mainly in the liver.
The ubiquitous SREBP-2 is implicated in the regulation
of cholesterol metabolism (22).

Insulin preferentially induces proteolytic activation of
SREBP-1¢, thus promoting lipogenesis, but does not af-
fect SREBP-2 processing. This difference may be ex-
plained by the existence of Insig isoforms and their pref-
erence toward various SREBP-SCAP complexes. Insulin
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causes repression of the hepatic isoform Insig-2a and in-
duction of Insig-1, thereby stimulating the ER-to-Golgi
transport of the SREBP-1c-SCAP complex (23).

Effect of UPR Branches on the SREB-
Mediated Regulation of Lipid Homeostasis

The first recognized connection between the regulation of
lipogenesis and the UPR pathway was the analogous ac-
tivation process of SREBP and the ER stress sensor ATF6
(24). Both membrane proteins undergo limited proteoly-
sis in the Golgi by the same proteases during activation.
Moreover, during ER stress provoked by homocysteine in
HepG2 cells or in mice exhibiting homocysteinemia, the
UPR pathway and the SREBP-1 were activated concom-
itantly (25). Similarly, an elevated level of ER stress mark-
ers and SREBP-1c and a consequent induction of lipo-
genic enzymes were reported in the liver of alcohol-fed
animals (26). ER stress induced by thapsigargin treatment
in HeLa and MCF7 cells resulted in SREBP-2 activation
via the conventional, sterol-dependent pathway that
normally regulates SREBP (27). A recent study high-
lighted the direct link between ER stress and the acti-
vation of hepatic lipogenesis and subsequent hepatic
steatosis in vivo. According to the study, ER stress
induces SREBP-1c¢ activation and the subsequent tran-
scription of lipogenic enzymes, leading to hepatic ste-
atosis (28). On the other hand, attenuation of ER stress
response by 78 kDa glucose-regulated protein overex-
pression reduces ER stress markers and inhibits
SREBP-1c¢ cleavage and the expression of SREBP-1c¢
and SREBP-2 target genes in the liver of obese ob/ob
mice (28).

ER Stress and LDs

The recently revealed dynamic interaction between the
ER and LDs puts the relationship between lipid and pro-
tein homeostasis into a new perspective. It has been dem-
onstrated in S. cerevisiae that LDs are functionally con-
nected to the ER membrane. Membrane proteins are
reversibly translocated between the two organelles appar-
ently without vesicular transport (29). Accumulation of
LDs has been stimulated by various conditions, causing,
for example, ER stress in yeast cells (30). The phenome-
non was shown to be independent of Ire1p; LD accumu-
lation did not influence cell viability. ER stress-induced
LD accumulation has also been found in a human hepa-
toma cell line. According to the study, tunicamycin and
thapsigargin promotes lipogenesis and LD formation in
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Huh-7 cells. Expression of activated XBP1, a key tran-
scriptional regulator involved in the UPR, in these hepa-
toma cells causes a remarkable induction of PPARy and
C/EBPa, which might explain the enhancement of neutral
lipid synthesis (31). In line with these findings, tunicamy-
cin has been shown to promote nonalcoholic steatohepa-
titis in mice, emphasizing the link between protein matu-
ration, lipid homeostasis, and inflammation (32). These
findings support the understanding that LDs cannot be
simply considered as stores of triglycerides and choles-
terol; rather, they are ubiquitous cellular organelles par-
ticipating in a variety of cellular functions. Further inves-
tigation is required to reveal the exact function of LDs in
protein and lipid trafficking, protein degradation, and cell
signaling and to elucidate the pathological role of ER
stress and consequent intracellular lipid deposition in the
development of insulin resistance and pancreatic B-cell
dysfunction.

UPR and Autophagy

Compensatory changes in the ER can be also be combined
with autophagy (Figure 2), a fact not surprising given the
multiple role of this lysosomal metabolic pathway and the
close connection between ER and autophagy (33, 34). It
has been revealed that autophagy is a complementary
mechanism of proteasomal protein degradation; removal
of the aggregated proteins relies completely on autophagy
(35). Additionally, the role of autophagy is not con-
strained to stress adaptation and survival mechanisms
because it is responsible for degradation of glycogen in
neonates (36); moreover, recent studies have revealed that
lipid metabolism is intricately regulated by autophagy
(37-39).

Autophagy seems to have a direct bidirectional con-
nection with the ER membrane. On one hand, the double-
layer lipid membrane of autophagosomes most likely
originates from two main sources, the ER and mitochon-
dria (40, 41). On the other hand, an increasing number of
publications indicate that the ER stress-induced special
form of autophagy, referred to as reticulophagy, is essen-
tial to counterbalance ER expansion during the UPR (42,
43). These results clearly demonstrate the interdepen-
dency of the birth and death of these organelles.

Besides the extensive lipid content exchange between
the ER and autophagosome, functional connections be-
tween the UPR and autophagy have also been demon-
strated. Induction of autophagy upon ER stress has been
confirmed by various approaches, and consequences of
this connection to cell physiology have also been sug-
gested by experimental data. Cells subjected to ER stress
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exhibit levels of autophagy marker protein LC3-II (micro-
tuble-associated protein light chain 3) similar to those
measured in starved cells (44), and formation of autopha-
gosomes has also been detected by microscopic studies in
ER-stressed cells (45). Inspection of luminal contents of
autophagosomes have identified enclosed portions of the
ER and aggregated proteins, indicating the role of reticu-
lophagy during UPR (43, 46). These observations imply
that reticulophagy is crucial to maintaining the homeo-
stasis of the ER and operates in parallel to ERAD to aid
elimination of aggregated proteins when the ERAD sys-
tem is overwhelmed in cells subjected to ER stress. The
physiological consequences of failed cooperation be-
tween UPR and autophagy could include the transition
from obesity to diabetes (47).

Involvement of autophagy in lipid metabolism has
highlighted its role in the development of obesity, meta-
bolic syndrome, and atherosclerosis (33). Given the cen-
tral function of ER in lipid metabolism, it is reasonable to
assume that autophagy and ER work together in a deli-
cately balanced manner in the metabolism of lipids;
however, no experimental data have yet proved this
connection.

Although the relevant data are continuously accumu-
lating, the selective entrapping of portions of the ER and
the signaling mechanism between the UPR and autophagy
remain largely unknown. Activation of Atg1/ULK (au-
tophagy related 1/UNC-51-like) kinase is an early, central
step in autophagy induction, and indeed, stimulation of
Atgl has been detected upon ER stress in yeast cells, al-
though the mechanism of its activation has still to be
assigned (42). Although Atg1/ULK kinase is involved in
the initiation of autophagy, formation of LC3-II is inevi-
table for expansion of the autophagosomal membrane.
The signaling of LC3-II formation in ER stress conditions
reveals a direct connection with the UPR. Conversion of
LC3-I into the functionally active LC3-II depends on
elF2a phosphorylation (44).

Connections Between the Regulation of
Biotransformation, Signal Metabolism,
Lipid Homeostasis, and the Formation of
ER Membranes: The Redox Relationship

Detoxification of various endobiotics and xenobiotics is
carried out by biotransformation enzymes (and trans-
porters); the whole process is frequently also called drug
metabolism. Substrates of drug metabolism are usually
lipophilic molecules. The metabolism of these lipid-solu-
ble compounds may interfere with lipid homeostasis.
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Figure 3. |Interrelationship among xenobiotics, nutrients, and ER
stressors at the level of transcription factors modulating ER functions.

Enzymes and transporters that catalyze and mediate
drug metabolism are frequently ER membrane-bound
proteins, whose turnover is controlled by transcription
factors. Regulation of biotransformation and lipid ho-
meostasis share several transcription factors: constitutive
androstane receptor (CAR), liver X receptor (LXR), preg-
nane X receptor (PXR), PPARs, etc, (48, 49). Some of
these are ligand-dependent transcription factors, and
their ligands are substrates of certain drug-metabolizing
enzymes. The gene batteries of these transcription factors
encode biotransformation phase I, II, and III enzymes/
transporters and proteins involved in redox homeostasis.

In various cases, proliferation of hepatic ER mem-
branes upon stimulation by different xenobiotics has also
been shown (for a review, see Ref. 50). A classic inducer
of ER membrane proliferation in the liver is phenobarbi-
tal, whose effect is mediated by CAR and PXR (for a
recent review, see Refs. 51 and 52). Thus, the regulation
of ER membrane synthesis and biotransformation may
also be related to one another (Figures 2 and 3). The
ligands of several transcription factors may in certain
cases induce ER stress; for example, PPARvy ligands in-
duce ER stress in pancreatic B-cells (53).

The regulation of biotransformation, lipid homeosta-
sis, and ER membrane homeostasis also share some com-
mon regulators/inducers (Figure 3). Various low—molec-
ular-weight compounds interfere with ER homeostasis.
Several observations have been published on drug-in-
duced UPR through different mechanisms, for instance by
redox stress. UPR induced by the redox stressor acetamin-
ophen is part of drug-induced liver injury (54). Recently,
the IRE1a-XBP1 branch has been shown to affect the
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stability of certain P450 enzymes involved in acetamino-
phen metabolism (55).

Aryl hydrocarbons enter quinone-quinol redox cycles,
which can lead to oxidative stress in various cells. These
molecules influence both redox state and drug metabo-
lism and can accumulate under various (sometimes path-
ological) circumstances (56, 57), ultimately resulting in
ER stress (58). The PERK-dependent branch of the UPR
results in activation of Nrf2 (nuclear factor-like 2), which
is a transcription factor in the regulation of antioxidant
defense and cellular survival. Its gene battery contains,
among others, genes of UDP-glucuronosyltransferases,
which are phase II biotransformation enzymes. Thus,
Nrf2 participates in the regulation of redox homeostasis
and drug metabolism at the same time. A tight coupling of
aryl hydrocarbon receptor (AHR) and Nrf2-dependent
regulation in the prevention of quinone-induced oxida-
tive stress and ER stress has recently been reviewed (59).

AHR can also be used as an example to demonstrate
the connection between drug metabolism and cellular sig-
naling. The metabolism of drug metabolism substrate sig-
nal molecules is dependent on the actual induction state of
biotransformation. The regulatory role of AHR in eico-
sanoid signal metabolism (60) and in UPR (59) has been
shown (Figure 3). It is noteworthy that induction of gu-
lonolactone oxidase involved in vitamin C synthesis, a
connection to antioxidant homeostasis, is also AHR-de-
pendent (61). Nevertheless, the different induction states
of the AHR gene battery lead to alterations in drug
metabolism.

Low-molecular-weight pro-oxidants can cause ER
stress by generating reactive oxygen species. Redox cycles
in the metabolism of aryl compounds can affect drug me-
tabolism as well. Changes in intermediary and xenobiotic
metabolism due to starvation or diabetes mellitus may
also influence the redox state and reactive oxygen species
production in different cells (57), therefore contributing
to redox stress-related effects and the concomitant UPR
(62). Consequently, the induction state and expression of
drug metabolism enzymes are also dependent on these
changes. Endocrine disrupters can also induce ER stress
as redox stressors and as ligands of intracellular recep-
tors, eg, AHRs (63).

Low-molecular-weight compounds can influence ER
homeostasis. Metabolites of intermediary metabolism di-
rectly affect cofactor supplies to protein folding, lipid pro-
duction, and drug metabolism. Changes in the intralumi-
nal NADPH to NADP ratio reveal a direct link between
metabolic state and redox state. Glucose-6-phosphate is a
source of electrons for NADP reduction in the ER. In
contrast to cytosol, the direct link between the redox state
of the pyridine nucleotide pool and the reduced thiol pool
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is missing in the ER due to the lack of the NADPH-
dependent glutathione reductase in the luminal compart-
ment of the ER (64). Consequently, there is a separate
reduced pyridine nucleotide pool in the ER supporting the
essentially anabolic function of the organelle in intracel-
lular metabolic homeostasis (5). At the same time, the
luminal compartment of the ER is an oxidizing environ-
ment from the point of view of thiol oxidation, which is
needed for oxidative protein folding. Oxygen is the ulti-
mate electron acceptor in the electron transfer chain for
disulfide bridge formation in protein folding, and it is also
required for oxygenations in drug metabolism. Thus,
hypoxia and excessive biotransformation are ER stressors
(Figure 1).

ER Stress and Signaling Routes: Cross Talk
Between Internal and External Signaling

The outcome of the UPR is a complex change in ER ho-
meostasis. Environmental changes may determine ER ho-
meostasis and modulate the UPR. There is a complex
cross talk between internal and external signaling among
various plasma membrane receptors and sensors involved
in the UPR. This network is coupled to a series of plasma
membrane receptor-mediated signaling routes. Among
these is the basic anabolic growth factor signaling route;
insulin signaling is an especially important pathway. As
mentioned above, insulin signaling is connected to
SREBPs, which are essential components of the sterol re-
sponse. Moreover, c-Jun amino-terminal kinase (JNK)

signaling

extl:acellular nutrient supply
environment
intracellular

signaling environment

metabolism

I redox state

inflammation

N

signalostasis — drug
metabolism

Figure 4. Functions of the ER stress in the integration of responses to stimuli from the

extracellular and intracellular environments.

protein
homeostasis
lipid ;
homeostasis
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and IkB kinase are activated through the IRE1 route.
They phosphorylate insulin receptor substrate at serine
and consequently block insulin signaling. This is one
mechanism which leads to insulin resistance (for a review,
see Ref. 2). Insulin signaling is also connected to activa-
tion of mammalian target of rapamycin (mTOR).
Through the same serine phosphorylation of insulin re-
ceptor substrate, the UPR prevents activation of mTOR;
in this way, ER stress mediates a negative feedback
regulation in the maintenance of proteostasis. Thus,
UPR prevents overload of ER protein folding by inhib-
iting activation of mTOR; increased production of pro-
teins induced by nutrient availability is prevented by
insulin signaling (65).

Additionally, the UPR interferes with TNFa signaling
(2). Thus, both mobilizing and growth signaling path-
ways are connected to the UPR, whereas inflammation is
connected to metabolic and redox homeostasis. Inflam-
mation contributes to the final balance and homeostatic
state among the different signaling routes, demonstrating
the role of physiological coordination in the inflamma-
tory network. Evidence of cross talk between inflamma-
tory toll-like receptor (TLR) signaling and the UPR has
also been demonstrated, indicating a putative pathologi-
cal link between internal and external signaling (66).

The redox homeostasis of ER lumen also affects cellular
signaling by changing the hormonal status. Cortisone-corti-
sol conversion (prereceptorial glucocorticoid activation) is
catalyzed by the luminal enzyme 11B-hydroxysteroid dehy-
drogenase type 1 in a reversible reaction (67). The actual
direction of the conversion is strictly dependent on the
NADPH to NADP™ ratio, because reductase
activity requires a very high ratio of NADPH
to NADP™ (68). Because NADPH is thought
to be mainly generated by another luminal
enzyme, hexose-6-phosphate dehydrogenase,
a direct connection exists between metabo-
lism (in terms of glucose-6-phosphate sup-
ply), redox homeostasis (in terms of NADPH
generation), and hormonal output (69, 70).

Differentiation of B lymphocytes into var-
ious antibody-secreting cells offers an attrac-
tive example to demonstrate the role of the
UPR in the complex integration of extracel-
lular stimuli and intrinsic signals. It also
shows the indispensable role of the UPR
(IRE1/XBP1 pathway) in lipid supply and
protein synthesis for membrane biogenesis
(71). In accordance with these observations,
differentiation of preadipocytes into various
LD-containing adipocytes due to fatty acid
overload also indicates the complex function

membrane
turnover
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of the UPR in the coordinated regulation of protein and lipid
synthesis (2).

Taken together, we can see that ER stress-induced UPR
as a signaling response is in a complex relationship with
both plasma membrane and intracellular signaling
networks.

Concluding Remarks

The ER is a mainly biosynthetic compartment that has a
dominant role in maintaining protein, lipid, and redox
homeostasis, controlling secretory processes and forming
secretory products. As such, the ER is part of a cell de-
fense system, contributing to the elimination of erroneous
endogenous secretory products, a form of quality control
in protein synthesis, and also to the inactivation and elim-
ination of various endobiotics and xenobiotics. In the case
of signal molecules, inactivation can represent part of the
off signal. In addition, the ER consumes excess saturated
fatty acids by forming lipid droplets. The ER, as an inter-
nal signaling source by the UPR, determines the cellular
signaling network, which also has several connections to
mitochondria-initiated signaling routes. Thus, ER di-
rectly influences certain plasma membrane receptor sig-
naling pathways and also some nuclear receptors and
other transcription factors. Because the ER can initiate
apoptosis through ER stress-induced UPR, the ER is in-
strumental in cell death/survival determination. The co-
ordinated regulation of lipid homeostasis, redox homeo-
stasis, drug metabolism, and intracellular signaling in the
ER is an adaptive mechanism that can respond to envi-
ronmental changes (Figure 4).

The ER is part of the endomembrane system. Mem-
brane formation and turnover is also connected to the
UPR. Regulation of protein, lipid, and drug metabolism is
interconnected though signaling cross talks with regard to
membrane formation in the ER. Through protein and
lipid autophagy, membrane turnover can also be regu-
lated by ER stress. Overall, there is an organelle-level
integration of intracellular homeostasis that can adapt to
extracellular and intracellular challenges.
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