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Abstract

The lumen of the endoplasmic reticulum constitutes a separate intracellular compartment with a special pro-
teome and metabolome. The redox conditions of the organelle are also characteristically different from those of
the other subcellular compartments. The luminal environment has been considered more oxidizing than the
cytosol due to the presence of oxidative protein folding. However, recent observations suggest that redox
systems in reduced and oxidized states are present simultaneously. The concerted action of membrane trans-
porters and oxidoreductase enzymes maintains the oxidized state of the thiol-disulfide and the reduced state of
the pyridine nucleotide redox systems, which are prerequisites for the normal redox reactions localized in the
organelle. The powerful thiol-oxidizing machinery of oxidative protein folding continuously challenges the local
antioxidant defense. Alterations of the luminal redox conditions, either in oxidizing or reducing direction, affect
protein processing, are sensed by the accumulation of misfolded/unfolded proteins, and may induce endo-
plasmic reticulum stress and unfolded protein response. The activated signaling pathways attempt to restore the
balance between protein loading and processing and induce programmed cell death if these attempts fail. Recent
findings strongly support the involvement of redox-based endoplasmic reticulum stress in a plethora of human
diseases, either as causative agents or as complications. Antioxid. Redox Signal. 13, 77-108
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I. Introduction

EDOX CONDITIONS ARE TIGHTLY ASSOCIATED with the re-

dox reactions in the intermediary metabolism, therefore
they represent a base of cellular regulation, sensing, and sig-
naling. Each subcellular compartment can be characterized by
a typical redox environment. The redox conditions within a
compartment are mainly defined by the quantitatively most
significant local redox reactions, but they can be influenced
also by the transmembrane transport of redox-active com-
pounds and the transmembrane electron fluxes. Redox-active
compounds are usually small electron carriers and function as
cofactors/substrates of oxidoreductases. The redox state of
these couples can be regarded as an indicator of the redox
environment of the cell or an organelle. Moreover, major re-
dox pairs can constitute redox buffers that, on one hand
soothe sudden changes in redox conditions, on the other hand
define the oxidative or reductive character of the compart-
ment.

Similarly to other subcellular organelles, the major redox
buffers in the endoplasmic reticulum (ER) lumen are the thiol/
disulfide and the reduced/oxidized pyridine nucleotide cou-
ples. The most striking feature of the ER lumen is the oxidized
state of the thiol/disulfide system, which results in a redox
potential of approximately —180 mV, much higher than that
of the cytosol (—230mV) (128). Consequently, the ER lumen
has been regarded as an oxidizing environment, in agreement
with the fact that the oxidative protein folding—a major
pathway of the compartment—requires oxidizing power.
Recent observations point out that the findings related to the
thiol/disulfide system should not be generalized. Several,
although indirect, results indicate that pyridine nucleotides
are overwhelmingly present in a reduced form in the ER
lumen.

Luminal redox systems can also act as sensors for electron
donors and acceptors (i.e., nutrients and oxygen); this way,
the ER has a central role in the fine tuning of environmental
and internal stimuli. Redox imbalance affecting any redox
system finally leads to ER stress and initiates ER-dependent
signaling pathways to restore the physiological conditions.
Exhaustion of the protective mechanisms results in various
ER-dependent forms of programmed cell death.

Despite the remarkable interest in the field and the exper-
imental efforts, the present knowledge on the ER redox con-
ditions is largely deductive. With the exception of the
thiol/disulfide redox system, there are no data on the luminal
composition and concentration of redox-active compounds.
Appropriately targetable fluorescent redox indicators for the
real-time redox measurements in the ER lumen have been
developed only for thiols and hydrogen peroxide (28, 44, 207,
278). Moreover, the mapping of the luminal proteome has just
started, including the local oxidoreductases (167, 213).

The aim of this review is to summarize the main pathways
of intermediary metabolism localized in the ER lumen and
connected to the redox homeostasis in the organelle. It gives
an overview of the major redox systems of the ER, high-
lighting the connections and interplay between them. The role
of the ER in redox sensing is also outlined, together with the
underlying mechanisms. Finally, the pathological conse-
quences of ER redox imbalance are discussed, including hu-
man diseases such as neurodegenerative and cardiovascular
diseases, metabolic diseases, and cancer.
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ll. The Endoplasmic Reticulum
as a Metabolic Compartment

The membrane network, which envelops the nucleus in all
eukaryotic cells, also forms naked tubules and ribosome-
covered sheets of various sizes referred to as smooth and
rough ER, respectively. This inhomogeneous, yet continuous,
membrane provides a platform for a variety of enzymatic
reactions and completely separates the ER lumen from the
cytosol. Although some nonspecific permeability could be
observed and mainly attributed to the translocon peptide
channel (107, 183, 184, 333), it is now evident that the majority
of transmembrane traffic is controlled by selective transport-
ers in the ER membrane (58, 61). These transport activities link
cytosolic and luminal metabolic processes. The membrane
barrier allows the maintenance of characteristic differences
between the compositions of the two compartments. For ex-
ample, the luminal Ca®* concentration is orders of magnitude
higher than the cytosolic one, which is due to a continuous
inward ion pumping. It is especially relevant to the subject of
this review that the main redox systems are separated and the
redox conditions are remarkably different on the two sides of
the ER membrane. However, the relatively oxidized state of
the luminal thiol-disulfide system is generated by local oxi-
dation rather than active transport activities (see next section).

The rough ER is specialized in protein synthesis and pro-
cessing. The proteins containing ER targeting signals are
translated by ribosomes docked to translocon (Sec61) peptide
channels. The translocation of the nascent polypeptides into
the membrane or lumen of the ER occurs simultaneously with
the elongation, and chemical modifications also begin as
soon as the N-terminal amino acid residues appear in the
lumen. Cleavage of the signal peptide, formation of intra-
chain and interchain disulfide bridges, N-glycosylation and
y-carboxylation of glutamyl side chains are the main co- and
post-translational modifications of proteins in the ER. Protein
maturation in the ER is assisted by chaperones. The main ER
chaperones, 78kDa glucose-regulated protein or immuno-
globulin heavy chain-binding protein (GRP78/BiP) and
94 kDa glucose-regulated protein (GRP94), attach to the hy-
drophobic patches of unfolded or misfolded polypeptides and
help them achieve their native conformation (149, 180, 228).
Some ER chaperones, such as certain members of the protein
disulfide isomerase (PDI) family (74) within the thioredoxin
superfamily have thiol-disulfide oxidoreductase activities
and catalyze disulfide formation and rearrangement (i.c., ox-
idative folding); and are therefore often referred to as foldases
(7,31,74). Calnexin and calreticulin are lectin chaperones with
specificity for the glycoproteins containing an asparagine-
linked GleManyGIcNAC; oligosaccharide moiety (25, 209, 275,
331). In addition to preventing the aggregation of the imma-
ture proteins, they recruit ERp57, one of the foldase enzymes
that catalyze disulfide formation/isomerization (25).

The ER employs careful quality control systems in order to
prevent the export of immature, misfolded, or proteins
damaged in other ways. The best known quality control
system uses the asparagine-linked oligosaccharide group as
a label to indicate the actual state of the N-glycoprotein.
Therefore, the main roles in this system are played by gluco-
sidase, mannosidase, and glucosyl transferase enzymes, as
well as lectins (6, 270). A monoglucosylated protein is con-
sidered immature and retained by calnexin and calreticulin.
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An attempt is made to complete the folding of the polypep-
tide and then the glucose unit is removed by glucosidase II.
If the protein has achieved its native conformation, it can
bind to the cargo receptors (11) and leave the ER on the
secretory pathway by vesicular transport. Otherwise, the
UDP-glucose:glycoprotein ~ glucosyltransferase reglucosy-
lates the glycoprotein and the maturation cycle is repeated.
Once a protein is incapable of folding properly and is sen-
tenced to degradation, the distal mannose unit of branch B
is chopped off by ER mannosidase I. ER degradation en-
hancing a-mannosidase-like proteins (EDEMs), the lectins
specific to MangGlcNAc, (isomer B) oligosaccharide flag, di-
rects these aberrant proteins for retrotranslocation into the
cytosol through Sec61 or other putative peptide channels
composed by derlin-1 and other subunits (323). Recently,
the o1,2-specific exomannosidase function of the EDEM pro-
tein Htmlp has been reported (49). Htmlp generates the
Man;GlcNAc, oligosaccharide with a terminal «1,6-linked
mannosyl residue on degradation substrates, which is rec-
ognized by the ER-localized lectin Yos9p (258).

Since ERAD substrates usually contain disulfide bonds,
they must be reduced before their retrotranslocation. The ER-
resident protein ERdj5 has been postulated as a luminal re-
ductase, which can accelerate ERAD by forming a complex
with EDEMs and BiP (316). As soon as the proteins appear at
the cytosolic side of the ER membrane, they get ubiquitinated
and are degraded by the 26S proteasome in a process called
ER-associated degradation (ERAD) (72, 104, 139, 215, 321).
The proteins synthesized in the ER have various destinations.
They are targeted to the plasma membrane, stay on the cell
surface, or get secreted from the cell unless they contain sig-
nals that control their retention in the ER or Golgi or lead to
their diversion to the lysosomes. The membrane orientation is
retained by vesicular transport; therefore, the luminal pro-
teins and luminal domains of membrane proteins remain lu-
minal or extracellular.

The vesicles budding from the ER are not only vehicles for
protein sorting but also sources of lipids for the target mem-
branes. Synthesis of membrane lipids, including cholesterol,
indeed takes place in the ER. Moreover, triglycerides to be
either secreted in lipoproteins (chylomicrons and VLDL in
enterocytes and hepatocytes, respectively) or deposited in fat
droplets (typically in adipocytes) are also assembled in this
organelle (81, 235, 236, 335).

Besides its prominent role in protein and lipid synthesis,
the ER also significantly contributes to carbohydrate metab-
olism (Fig. 1). The maintenance of blood glucose level in
starvation depends on the hydrolysis of glucose-6-phosphate
mostly in liver and kidney. The hydrolytic enzyme, glucose
6-phosphatase, is an integral protein of the ER membrane in
these cells (318). The substrate, glucose-6-phosphate derived
either from glycogen breakdown or gluconeogenesis, is
generated in the cytosol, while the active site of glucose-
6-phosphatase faces the luminal compartment of the ER.
Therefore, the enzyme requires the cooperation of three
transporters for the entry of glucose-6-phosphate (G6P) and
for the exit of glucose and phosphate. The putative glucose
and phosphate transporters of the ER still remain to be
identified. The human glucose-6-phosphate transporter
(G6PT) protein is encoded by a single copy gene at chromo-
some 11923 (86, 320). As it could be expected, G6PT deficiency
(glycogen storage disease type 1b; GSD1b) impaires hepatic

glucose production similarly to the primary glucose-6-
phosphatase deficiency (GSD1a). However, GSD1b patients
suffer from additional disorders, such as neutropenia, which
suggests that G6PT has additional functions, which are in-
dependent of glucose-6-phosphatase activity (47). Indeed, the
transporter is expressed in nonglucogenic cells (e.g., granu-
locytes and adipocytes), where glucose-6-phosphatase is ab-
sent (171, 194). It turned out that glucose-6-phosphate is also
utilized by hexose-6-phosphate dehydrogenase (H6PD; Fig.
1), another luminal enzyme in the ER, which catalyzes the first
two steps of the pentose phosphate pathway (i.e., glucose-6-
phosphate dehydrogenation and 6-phosphoglucono J-lactone
hydrolysis), and converts glucose-6-phosphate to 6-
phosphogluconate (48, 109, 202, 242, 299, 330). This NADP*-
dependent process is considered as the main source of ER
luminal NADPH, which drives local glucocorticoid activation
(Fig. 1), seems to provide fatty acid desaturation (163) with
electrons and probably contributes to antioxidant defense in
the compartment as well (see more details in the next section).

The major NADPH-consuming enzyme system in the ER is
that of the cytochrome P450 (CYP450) monooxygenases. A
wide array of CYP450 enzymes are localized in the ER
membrane (51, 131). They consume oxygen and receive elec-
trons from NADPH through the cytochrome P450 reductase
flavoprotein on the cytosolic side of the membrane (Fig. 1).
CYP450s catalyze the main reactions in the first phase of
biotransformation, including the oxygenation of drugs and
other xenobiotics, as well as the metabolism of endobiotics,
such as heme, cholesterol, and fatty acyl-CoAs. The CYP450-
dependent (and cytochrome bs-dependent) hydroxylation of
fatty acyl-CoAs is part of the microsomal desaturation pro-
cess, which is crucial for the maintenance of optimal mem-
brane fluidity, as well as for the synthesis of arachidonic acid
from linoleic acid. Recent findings indicate that the A9 fatty
acid desaturase system receives electrons from the luminal
NADPH pool of the ER through NADPH cytochrome bs ox-
idoreductase (Ncb5or). This unique soluble enzyme (341)
contains two domains: one homologous to cytochrome bs and
the other one homologous to classic microsomal cytochrome
bs reductase flavoprotein. Pancreatic f-cells and white adipose
tissue are progressively lost in Ncb5or knock-out mice, and a
defective synthesis of palmitoleic and oleic acids was observed
in the islet-transplanted knock-out animals (163, 164).

Steroid oxidoreductases associated to the ER membrane
catalyze the conversion of oxo and hydroxyl groups in ste-
roids, and therefore activate or inactivate the hormones. These
reactions, therefore, also belong to biotransformation (113,
114, 212). The best characterized steroid oxidoreductases, the
11p-hydroxysteroid dehydrogenases (115HSD) are responsi-
ble for the interconversion of inert glucocorticoids (cortisone,
11-dehydrocorticosterone) and their active forms (cortisol,
corticosterone). The two types of the enzyme are localized in
two different compartments, use different cofactors, and cat-
alyze the reaction in opposite directions. 11HSD1 uses
NADPH in the ER lumen and activates glucocorticoids by
reduction (234, 282, 308). 11HSD2 uses NAD™ in the cytosol
and inactivates glucocorticoids by oxidation (114, 250). The
intracellular level of the active receptor ligands largely de-
pends on the balance between the two activities. Altered ex-
pression and activity of 11HSD1 have been observed in
various human pathological conditions, such as hypertension,
atherosclerosis, metabolic syndrome and related diseases
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FIG. 1. The ER as a metabolic com-
partment. The lumen of the ER is sepa-
rated from the cytosol by a continuous
membrane. Some typical luminal reac-
tions are shown, which are supported by
membrane transporters for the delivery
of substrates and removal of products.
The traffic of metabolic intermediates
across the ER membrane is mediated by
transporter proteins (darker circles), most
of which have not been identified yet.
G6P is transported into the lumen by
G6PT and utilized by two enzymes in
this compartment. G6Pase removes the
phosphate and produces glucose in the
glucogenic tissues. Its function is as-
sisted by putative glucose and phosphate
transporters. H6PD converts G6P to 6-
phosphogluconate and provides the lu-
minal reductase enzymes with NADPH.
11SHSD1 catalyzes the NADPH-dependent
reduction of cortisone to active gluco-

X-GA

corticoid cortisol at the inner surface of

the ER membrane. Endo/xeno-biotics (XH) are monooxygenated by CYP450 enzymes on the outer surface of the membrane.
CYP450s receive two electrons from the cytosolic NADPH through the CYP450 reductase flavoenzyme. The product (X-OH)
is often conjugated with GA in the ER lumen by UGTs. The import of X-OH and UGA, as well as the export of the
glucuronide (X-GA) are catalyzed by unknown transporters. X-GA can also be deconjugated by GDase that hydrolyzes the

bond between the aglycone and GA in the lumen.

(obesity, type 2 diabetes), age-related cognitive dysfunction,
osteoporosis, arthritis, which indicates the importance of
prereceptorial cortisol activation (220, 281, 282, 307, 308). The
exact subcellular localization of other steroid oxidoreductases
has not been revealed. Nevertheless, the preferred reductase
or dehydrogenase activity of these isoenzymes that has been
observed [e.g., in case of 17f-hydroxysteroid dehydrogenase
family (186)] is presumably due to different orientations in the
ER membrane, similarly to 11fHSDs.

Both conjugation and deconjugation reactions of biotrans-
formation occur in the ER (Fig. 1). The active center of mem-
brane-embedded UDP-glucuronosyltransferases faces the
inner side of the membrane, so glucurono-conjugates are
produced in the lumen (35, 259). Interestingly, the same
compartment also contains f-glucuronidase, the enzyme that
cleaves glucuronides by hydrolysis (59, 263). Its physiological
role and the significance of the colocalization of the two an-
tagonistic enzymes are to be elucidated. The transporters
mediating the traffic of UDP-glucuronate and of the glu-
curonides have not been identified. Similarly to the UDP-
glucuronosyltransferases, steroid sulfatase the enzyme de-
conjugating various steroid and thyroid sulfo-conjugates is an
integral ER membrane protein with the active center localized
in the lumen (88).

lll. Redox Conditions in the Endoplasmic Reticulum

The redox systems of the ER lumen are separated from
those of the cytosol by the membrane barrier. Basically, the
two compartments contain independent pools of the main
electron carriers; and local redox reactions can maintain
characteristically different redox potentials, i.e. different ratios
of the oxidized and reduced forms of redox-competent com-
pounds, on the two sides of the ER membrane. The most
relevant redox systems in the ER lumen, similarly to the cy-

tosol, are the thiol-disulfide couple and the reduced and oxi-
dized pyridine nucleotides.

A. The thiol/ disulfide system

The proteins synthesized and processed in the ER have
remarkably more disulfide bridges and less free cysteinyl
thiols than the cytosolic ones. This difference is also mirrored
by the different ratios of glutathione (GSH) and glutathione
disulfide (GSSG) (i.e., the luminal [GSH]/[GSSG] ratio is
nearly 20 times lower compared to the cytosol) (23, 69, 128).
Since GSH and GSSG are potential substrates for protein
disulfide isomerase, it was hypothesized that imported GSSG
oxidizes the active thiols of protein disulfide isomerase and
hence provides the oxidizing power for the generation of
disulfides in the nascent proteins. This model is strongly op-
posed by the results of transport measurements, which re-
vealed that GSSG cannot pass the ER membrane, while GSH is
slowly transported (20; Fig. 2). Therefore, the disulfide bonds,
either glutathione or protein cysteinyl disulfides, must be
generated in the lumen by local redox reactions. Indeed, an
electron transfer chain conducting electrons from nascent
proteins to oxygen has been elucidated (Fig. 2). Endoplasmic
reticulum oxidoreductase 1 (Erol) is a thiol oxidase flavo-
protein that oxidizes the active cysteinyl thiols of protein
disulfide isomerase and delivers the electrons to oxygen
converting it to hydrogen peroxide (42, 80, 254). Since FAD is
efficiently transported across the ER membrane, it is possible
that FAD contributes to the generation of the luminal thiol
oxidizing environment as a mobile electron carrier (310, 319).
In addition, other small redox active compounds (e.g., dehy-
droascorbic acid and vitamin K epoxide) can receive electrons
from protein disulfide isomerase and hence provide alterna-
tive means of electron transfer to oxygen (see below). More-
over, quiescin sulfthydryl oxidase (QSOX) isoforms have been
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FIG. 2. Oxidative protein folding in
the ER. The active thiol groups of PDI
can dynamically transfer electrons to/
from a variety of reaction partners. The
oxidized form of PDI (disulfide; S-S) is
capable of creating disulfides, while the
reduced form (thiols; -SH) can break and
rearrange disulfides in the nascent pro-
teins (Prot). The thiols of PDI are mostly
oxidized by an ER oxidase flavoprotein
(Erol) producing hydrogen peroxide.
GSH seems to be necessary for the dis-
ulfide isomerization by reducing the PDI
disulfides to thiols, which at the same
time, generates GSSG and maintains the
oxidized state of ER luminal glutathione.

Cytosol

ER lumen

found along the secretory pathway. They are capable of di-
rectly oxidizing cysteinyl thiol groups of nascent proteins;
however, their physiological role in protein folding remains to
be investigated (105). GSH in the ER appears to be required
for reduction of non-native disulfide bonds and to maintain a
pool of reduced PDI for catalysis of disulfide bond isomeri-
zation reactions (53, 216). Therefore, the relatively low lumi-
nal [GSH]/[GSSG] ratio is the consequence, rather than the
cause, of oxidative protein folding; GSSG is generated by
protein disulfide isomerase as a by-product of isomerization
(74) or via the action of hydrogen peroxide (143), produced by
Erol. In other terms, intensive thiol oxidation is necessary for
appropriate protein processing but might come at the price of
decreased antioxidant capacity of the ER lumen.

B. Pyridine nucleotides

NAD(H) and its phosphorylated derivative, NADP(H) are
the major water-soluble electron carriers in the metabolism
(253). NAD™ is loaded with electrons by the majority of de-
hydrogenase enzymes participating in the central catabolic
pathways of carbohydrate and lipid metabolism (e.g., gly-
colysis, pyruvate dehydrogenase complex, citrate cycle, fatty
acid p-oxidation), while a few cytosolic dehydrogenases (i.e.,
glucose-6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, malic enzyme, cytosolic isocitrate dehydro-
genase) use NADP" specifically as electron acceptor. NADH
principally delivers electrons to the mitochondrial respiratory
chain, while NADPH provides reducing power for biosyn-
thesis, biotransformation and antioxidant defense (Fig. 3A).
Most of the biosynthetic and biotransforming enzymes em-
bedded in the ER membrane (e.g., CYP450 reductase, 3-hy-
droxy-3-methyl-glutaryl-CoA reductase, squalene synthase,
enoyl-CoA reductase, 3-ketoacyl-CoA reductase, biliverdin
reductase) catalyze the reaction on the outer surface of the
lipid bilayer, and hence utilize cytosolic NADPH. The lumen
of the ER also contains NADPH-consuming reductase en-
zymes (Fig. 3B), such as Ncbbor (341) and 11$HSD1 (243).
Since the ER membrane is not permeable to pyridine nucle-
otides, these enzymes are using a separate NADP(H) pool
(40). Ncb5or transfers electrons to the A9 fatty acid desaturase
system (163). The importance and consequences of its com-
partmentation have not been investigated yet due to its re-
cent discovery. In contrast, the functional relationships of

11BHSD1 with other ER proteins have been more extensively
studied in the last few years. The significance of this enzyme
from the aspect of human health is obvious as it activates
glucocorticoid precursors by reduction, and hence its activity
is a major determinant of the local glucocorticoid hormone
levels (71, 234, 308). The reaction catalyzed by 11fHSD1 is
reversible and its actual direction largely depends on the
redox state of the pyridine nucleotides. In fact, the physio-
logical direction of the process is the strongest indirect evi-
dence for a high ER luminal [NADPH]/[NADP ] ratio, which
has not yet been directly determined. Since NADPH cannot
enter the lumen at sufficient rate, the maintenance of the
high [NADPH]/[NADP"] ratio (i.e., the NADPH supply for
11pHSD1) relies on luminal NADPH production. Although
an isocitrate dehydrogenase activity capable of reducing
NADP™" has been found in the ER lumen (196), several ob-
servations support that H6PD is the major NADPH generat-
ing enzyme in the compartment (Fig. 3B) and its activity is
linked to that of 11fHSD1 (109, 165, 330). The substrate sup-
ply for H6PD, in turn, depends on the efficient import of
glucose-6-phosphate across the ER membrane, which is me-
diated by G6PT. The presence and cooperation of G6PT,
H6PD, and 11pHSD1 have been demonstrated in the ER of
hepatocyte (16), adipocyte (194), and neutrophil granulocyte
(144) microsomes, and can be assumed to exist in various
other cells. The functioning of this triad is ultimately deter-
mined by the availability of glucose-6-phosphate, which
reflects the nutritional and hormonal conditions in the
organism; therefore the G6PT-H6PD-11HSD1 system is a
perfect candidate for a metabolic sensor connecting interme-
diary metabolism and hormone action (see below).

C. Other redox systems

Besides glutathione and pyridine nucleotides, the ER is rich
in other electron transfer compounds such as ascorbate, to-
copherol, FAD, FMN, vitamin K, and ubiquinone. Although
their presence in the ER is evident since they are required for
various reticular reactions, little is known about their con-
centration, membrane transport and redox connections.

1. Ascorbic acid/dehydroascorbic acid. Ascorbate is
synthesized in the hepatocytes of most animals (17). The
synthesis starts from UDP-glucose primarily derived from
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and antioxidant defense, rather than ATP generation. (B) The redox cycle of NADP(H) is similar in the ER too. The main
NADPH-producing enzyme is hexose-6-phosphate dehydrogenase, which oxidizes glucose-6-phosphate to 6-phosphogluconate.
11pHSD1 uses NADPH to reduce a keto group in cortisone and form the active hormone cortisol. Recent results indicate that
Ncb5or feeds the monooxygenase component of the acyl-CoA desaturase system with electrons from the luminal side of the
membrane. The role of luminal NADPH in the antioxidant defense of the compartment has also been suggested, although the

reactions involved remain to be elucidated.

glycogenolysis (178). The last step of the synthesis is catalyzed
by the ER membrane-bound flavoprotein gulonolactone oxi-
dase (GLO) (229). Interestingly, in humans and in a few ani-
mal species GLO is inactive due to a mutation in its active site;
hence these species need to ingest vitamin C with the diet
(230).

Indirect experimental evidence shows that the active site of
GLO is located in the ER lumen; consequently, ascorbate
synthesized de novo first appears in the lumen of the hepatic
ER according with the high local ascorbate concentration
(257). Moreover, hydrogen peroxide—the byproduct of the
reaction (151)—is also produced in the lumen, contributing to
the oxidative character of the compartment (19, 257). A mi-
crosomal transport activity specific to dehydroascorbic acid
has been described (22); in cells devoid of GLO this trans-
porter can ensure the ascorbate (and dehydroascorbic acid)
supply for the ER lumen.

Ascorbate utilizing reactions—either the detoxification of
reactive oxygen species or redox reactions using ascorbate as a
cofactor—take advantage of the susceptibility of ascorbate to
oxidation. The reaction starts with the one-electron oxidation
of ascorbate to semidehydroascorbic acid radical, which can
be further oxidized to dehydroascorbic acid or rapidly dis-
proportionated to dehydroascorbic acid and ascorbate. Since
dehydroascorbic acid is an unstable compound at physio-
logical pH, effective recycling mechanisms are needed to
prevent the loss of ascorbate. From an economic point of view,
it is more advantageous for the cell to regenerate ascorbate,
than to synthesize it de novo. The recycling is even more im-
portant for the species unable to produce ascorbate (17).

Ascorbate acts not only as an antioxidant in the lumen, but
also as a cofactor for various luminal enzymes (e.g., prolyl-
and lysyl-hydroxylases) (123, 152). Moreover, its oxidized
form, dehydroascorbic acid can accept electrons from protein
disulfide isomerase (227, 328). The latter reaction suggested
that dehydroascorbic acid might be involved in the electron

transfer chain of the oxidative protein folding. In intact cells,
the oxidative environment in the ER allows disulfide bond
formation in newly synthesized proteins. However, disulfide
bonds are not formed in ER-derived microsomal vesicles (60),
which suggest that the process needs a cytosolic factor or a
membrane-permeable compound that is lost during the
preparation of microsomes. GSSG was long considered to
have a key role in the process, but this assumption was op-
posed by the observations that the disulfide bond formation
in GSH-deficient yeast is intact (53), and the GSSG transport
through the ER membrane is negligible. GSSG is produced in
the ER lumen parallelly with protein disulfides, as GSH is
used to maintain the reducing (isomerizing) capacity of pro-
tein disulfide isomerase (see section III, A). The next candidate
to fulfill this role was ascorbate, the most abundant water-
soluble antioxidant in the ER. To execute its role as a pro-
oxidant, ascorbate has to be present in its fully oxidized form,
dehydroascorbic acid. While in plants the enzymes producing
ascorbyl free radical are well-known (120), in animal tissues
the oxidation of ascorbate was considered to be a nonenzy-
matic process catalyzed by metal ions, free radicals, etc.
However, an ascorbate oxidizing activity was detected at the
surface of rat liver microsomes (296), by which ascorbate is
continuously transformed to ascorbyl free radical and then
dehydroascorbic acid (Fig. 4). Ascorbate oxidation is a heat-
and protease-sensitive reaction showing that it is indeed a
protein-mediated process. It can be inhibited by chelators,
especially the copper-specific neocuproine (296), which is re-
markable considering the fact that the ascorbate oxidase in
plants contains copper.

Ascorbate addition induces protein thiol oxidation in he-
patic microsomes, and this can be prevented by the inhibitors
of ascorbate oxidase. Dehydroascorbate is efficiently trans-
ported across the ER membrane (Fig. 4), while the transport of
ascorbate is negligible (22). Accordingly, inhibition of the
ascorbate oxidase enzyme hinders inward ascorbate transport
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FIG. 4. The role of ascorbate and to-
copherol in oxidative protein folding.
Ascorbate (AA) is oxidized to ascorbyl
radical (*AA) by an unidentified ascorbate
oxidase enzyme (Ascox) on the outer
surface of the ER membrane. Further ox-
idation or dismutation yields dehy-
droascorbate (DAA), which can enter the
ER lumen and oxidize the active thiols of
PDI and hence contribute to the genera-
tion of disulfide bonds in the nascent
proteins (Prot). The ROS produced by
Ascox drives the luminal oxidation of AA
and consequently further disulfide for-
mation. Tocopherol (T) has been sug-
gested as a putative transmembrane
electron carrier in this process.

Cytosol

ER lumen

in the microsomes (62). Dehydroascorbic acid, as a small
molecular weight electron acceptor can participate in the
machinery of oxidative folding of proteins in the ER lumen
(60) as a substrate for the protein disulfide isomerase (Fig. 4).
As a result of this enzymatic function, ascorbate is generated
(and accumulated) in the ER lumen. Recent observations
suggest that the dehydroascorbate reductase activity of pro-
tein disulfide isomerase is relatively weak; however, dehy-
droascorbate is able to oxidize thiols rapidly in folding
proteins such as bovine pancreatic trypsin inhibitor (273). In
certain pathological states, such as diabetes mellitus, unfolded
nascent proteins accumulate in the ER lumen. The increased
protein thiol availability under such circumstances results in
an enhanced accumulation of luminal ascorbate, providing a
further evidence for the process (227).

The physiological role of ascorbate in oxidative protein
folding is supported by in vivo observations. Ascorbate defi-
ciency (scurvy) causes ER stress and apoptosis in the liver of
guinea pigs (197). ER stress was attributable to the missing
pro-oxidant rather than antioxidant effect of ascorbate.
Nevertheless, the indirect effects of scurvy on ER function or
defects in collagen hydroxylation contributing to the devel-
opment of ER stress cannot be ruled out either. On the basis of
existing data the relative contribution of the ascorbate/
dehydroascorbate redox system to oxidative folding cannot
be estimated.

2. Tocopherol. The membrane of the ER contains a high
amount of tocopherol (vitamin E), the most important and
abundant lipophilic antioxidant (34). Similarly to ascorbate,
tocopherol has two transferable electrons, but is also able to
donate one electron. Vitamin E (tocopheryl) radical is gener-
ated, for example, when a reactive oxygen species (ROS) ox-
idizes tocopherol. The redox connection between vitamin C
and E is well-known (Fig. 4); the tocopheryl radical can be re-
reduced to tocopherol by ascorbate, while ascorbyl radical is
produced (41, 288). The observation that ascorbate addition to
microsomes promoted protein thiol oxidation more effec-
tively than dehydroascorbic acid, indicates that the formation
of dehydroascorbic acid from ascorbate contributes to dis-
ulfide bond generation also in an indirect way. This also
suggests the penetration of ROS and/or the involvement of an
ER-membrane located lipid-soluble electron carrier molecule,

which connects the two processes: ascorbate oxidation on the
outer surface, and protein thiol oxidation in the lumen. Ac-
cording to a theoretical model, reactive oxygen species pro-
duced in the intimate neighborhood of the ER membrane
during ascorbate oxidation generates tocopheryl radicals that
can be reduced again to tocopherol by luminal ascorbate. This
permits tocopherol to function as a transmembrane electron
carrier, and contribute to the electron transfer between protein
thiols and oxygen (63).

3. FAD. FAD plays a central role in the machinery of
oxidative protein folding. It acts both as a tightly associated
prosthetic group and as a relatively free cofactor of Erol,
therefore making this enzyme highly responsive to small
changes in the (otherwise unknown) physiological levels of
free FAD (309, 310). Although FAD transport has been dem-
onstrated in yeast (310) and rat liver (319) microsomes, the
transport mechanism as well as the concentration and redox
state of luminal FAD remain to be elucidated. Since the ad-
dition of FAD facilitates luminal thiol oxidation both in yeast
and liver microsomes, a physiological role of FAD transport in
disulfide formation has been proposed. It should be noticed
that riboflavin deficiency has been shown to trigger ER stress
in Jurkat (43) or HepG2 (190, 329) cells.

4. Vitamin K. Vitamin K is a lipophilic electron carrier
that is known to function in the ER. Post-translational modi-
fication of glutamate to y-carboxyl glutamate is required for
the activity of vitamin K-dependent proteins. Carboxylation is
accomplished by the vitamin K cycle located in the ER lumen
(83). Substrate proteins are y-carboxylated by the enzyme
y-glutamyl carboxylase which requires the propeptide-
containing substrate and three co-substrates: reduced vitamin
K, CO,, and O,. Since vitamin K is epoxidated in the reaction,
ancillary reactions are needed to regenerate the reduced form
of vitamin K. Vitamin K epoxide reductase (VKORC1) plays a
central role in the recycling. The enzyme contains a thior-
edoxin-like CXXC center involved in the reduction, but the
system providing electrons to the center was unknown. Re-
cent data demonstrates that the reduction is linked to the
oxidative folding of proteins in the ER by protein disulfide
isomerase. A stable complex of protein disulfide isomer-
ase and VKORCI has also been suggested (324). It can be
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FIG.5. The vitamin K cycle. Formation of y-carboxyglutamate
(Gla) residues catalyzed by the glutamate y-carboxylase
(GGCX) is one of the post-translational modifications in the
hepatic ER. The reaction is coupled to the oxidation and ox-
ygenation of vitamin K hydroquinone (VKHQ) to vitamin K
epoxide (VKE). The regeneration of VKHQ for further car-
boxylations requires electrons from NADPH and/or from PDI
in a reaction mediated by the vitamin K oxidoreductase
(VKOR). By this means, the vitamin K (VK) cycle provides
oxidizing power for the generation of disulfide bonds in the
nascent proteins (Prot) (i.e., for oxidative protein folding).

concluded that electrons required for y-carboxylation of pro-
teins are provided by the cysteinyl thiols of cargo proteins via
protein disulfide isomerase (Fig. 5), therefore various post-
translational modifications of secretory proteins are linked to
each other in an economical way.

5. Reactive oxygen species in the endoplasmic reticu-
lum. Although reactive oxygen species are formed in all
cellular compartments, the ER seems to be a major place of
production. This organelle is particularly rich in oxygenases
and oxidases (e.g., cytochrome P450s, flavin-containing
monooxygenases, prolyl and lysyl hydroxylases), which often
produce ROS as a byproduct. Many of these enzymes are
located in the ER lumen; their activities greatly determine the
luminal redox environment. Oxidative protein folding, a
representative process in the ER, is responsible for about
one-fourth of the reactive oxygen species produced in a pro-
fessional secretory cell (311). Reactive oxygen species (pre-
sumably hydrogen peroxide) generated by Erol are putative
end products of the electron transfer. The reduction of
molecular oxygen by recombinant yeast Erolp yields stoi-
chiometric hydrogen peroxide production under aerobic
conditions (93). Since ROS generated during oxidative protein
folding can compromise the redox and antioxidant homeo-
stasis of ER lumen, it has been postulated as a causative factor
of ER stress in conditions characterized by the overproduction
of secretory proteins (189). However, recent studies explored
intriguing mechanisms to prevent hyperoxidizing conditions
during intensive oxidative folding in the ER lumen. It has
been demonstrated in yeast that noncatalytic cysteine pairs of
Erolp act as a substrate sensor modulating the catalytic ac-
tivity of the enzyme. Disulfide formation between these thiols
(Cys*~Cys** and Cys'°~Cys*®) inhibits, while their reduc-
tion restores Erolp activity (Fig. 6A). Redox changes in the ER
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correlate with the thiol-disulfide conversion of the regulatory
cysteinyl moieties. As a result of this regulatory mechanism,
Erolp activity is attenuated by the hyperoxidation of the ER
(287).

Human Erolo activity can also be regulated by a similar
mechanism which prevents hyperoxidizing conditions: Erola
is regulated by noncatalytic disulfides with a low midpoint
reduction potential (approximately —275mV). This means
that they are stable under the redox conditions of the ER lu-
men and are only partially reduced by protein disulfide
isomerase (12). This mechanism can prevent excessive Erola
activation and uncontrolled oxidation of protein and gluta-
thione thiols. An additional regulatory mechanism based on
intramolecular disulfide switches has also been described in
case of human Erola. Formation of a disulfide bond between
the active-site Cys”* (connected to Cys” in the active enzyme)
and Cys'™! results in a decreased activity. Competition be-
tween substrate thiols (i.e., the thiols of the reduced protein
disulfide isomerase) and Cys131 creates a regulatory mecha-
nism, thus the activation of Erola is dependent on the avail-
ability of its substrate, reduced protein disulfide isomerase (8).
These data show that protein disulfide isomerase is not only a
center of electron flow in the ER, but also a central regulator of
ER redox homeostasis (Fig. 6B).

Oxidative protein folding is not the only source of oxidizing
equivalents in the ER lumen. Nitrosative effects can target
luminal proteins, for example, the S-nitrosylation of protein
disulfide isomerase has been observed (312), which indicates
that NO is present in the lumen—either produced locally or
entering across the ER membrane. Nevertheless, nitrosylation
of ER-resident proteins in the Golgi or recycling compart-
ments cannot be ruled out either. It should be noted that be-
sides enzymatic processes, ER-resident hydroxyl radical
generation by an iron-dependent Fenton reaction has also
been reported (182).

The fact that the redox state of the luminal glutathione re-
dox buffer is more oxidized than in the cytosol clearly shows
that the redox buffers in the organelle are strongly challenged
by continuous pro-oxidant effects. Furthermore, the enzy-
matic antioxidant defense of the ER lumen seems more vul-
nerable than that of the other subcellular compartments [e.g.,
there are no reports of catalase or superoxide dismutase iso-
forms being present; for a review, see (15)]. Hydrogen per-
oxide produced in the lumen has been thought to be
eliminated at the expense of glutathione by glutathione per-
oxidase, phospholipid hydroperoxide glutathione peroxidase
(200), and peroxiredoxins (264). From the latter family of en-
zymes, the ER is equipped with peroxiredoxin IV, belonging
to the class of 2-Cys peroxiredoxins (203). A redox-active
cysteine in the active site of these proteins is oxidized to a
sulfenic acid by the peroxide substrate. The recycling of sul-
fenic acid back to a thiol occurs at the expense of glutathione.

Besides the antioxidant-dependent elimination of reac-
tive oxygen species, recent observations suggest alternative
mechanisms. In vivo generation of hydrogen peroxide in the
ER lumen (by the stimulated activity of gulonolactone oxi-
dase) was accompanied by transient liver swelling and re-
versible dilatation of endoplasmic reticulum cisternae.
Moreover, it resulted in an increased permeability of the mi-
crosomal membrane to various compounds of low molecular
weight (198). Thus, luminal hydrogen peroxide formation in
the ER provokes a temporary increase in nonselective mem-
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FIG. 6. Regulation of Erola activity by intraluminal redox conditions. Redox conditions in the ER lumen affect Erola
activity, to prevent hyperoxidation. (A) In yeast, disulfide bond formation between the regulatory cysteines of Erolp (Cys”’-

Cys®*; Cys"’-Cys*”) may restrict the functional dynamics of the loop containing the shuttle cysteines (Cys'*~Cys'®) and
decrease Erolp activity (right side). Upon reduction of the regulatory disulfides Erolp is reactivated (left side). (B) In humans,
an additional mechanism is also operative. When protein disulfide isomerase is present in reduced form (left side), it acts as a
substrate for Erola. Competition between the thiols of protein disulfide isomerase and the Cys'! of Erola prevents the
formation of the intramolecular disulfide bond within Erola. In this case, the thiol-disulfide exchange reaction between Erola
and protein disulfide isomerase is unhampered, the electron flow from substrate proteins to oxygen is continouos. In the
absence of the competition [i.e. when protein disulfide isomerase is present in oxidized form (right side)], the reaction between
the outer active-site disulfide of Erola and Cys'' will be favored. In this condition Erols is inactive due to the covalent

blockade of the active site.

brane permeability, which results in the dilation of the or-
ganelle and in enhanced transmembrane fluxes of small
molecules. It is uncertain whether the phenomenon can be
attributed to hydrogen peroxide itself or other ROS, such as
hydroxyl radical. Nevertheless, the increased permeability of
the ER membrane would allow the escape of oxidizing agents
from the lumen and the influx of reducing equivalents (e.g.
GSH) from the cytosol (Fig. 7).

Another recent study based on in vitro findings suggests
that hydrogen peroxide is not necessarily a potentially dan-
gerous by-product of disulfide bond formation that results in
oxidative stress to cells. Hydrogen peroxide addition to GSH
or reduced protein disulfide isomerase resulted in their oxi-
dation to the disulfide state. Hydrogen peroxide added di-
rectly or generated enzymatically in situ in the neighborhood
of a reduced protein resulted in the rapid and efficient re-
folding of the model protein bovine pancreatic trypsin in-
hibitor. Furthermore, no other oxidative modifications of the
refolding protein were observed (143). Thus, hydrogen per-
oxide produced by Erol and other sulfhydryl oxidases during
disulfide bond formation in the ER may be used efficiently
and economically to make further disulfide bonds (Fig. 7).
However, it should also be taken into account that Fenton
decay of H,O, in the presence of metal ions may compete with
thiol oxidation and may generate hydroxyl radicals.

D. Connections and interplay between
the redox systems of the ER

The major redox pairs participating in the electron transfer
processes of the cell are also present in the ER. The ER
membrane is rich in lipophilic electron carriers, while the lu-

ER lumen

FIG. 7. The effects of hydrogen peroxide produced in the
ER. The main electron transfer chain of oxidative protein
folding drives the electrons from the thiols of nascent pro-
teins (Prot) or GSH to the active thiols of PDI, then to the
FAD cofactor of ER oxidase 1 (Erol), and finally to molecular
oxygen. The partial reduction of oxygen yields hydrogen
peroxide, which can oxidize further thiol groups. Accumu-
lation of H,O, is an oxidative stress, which leads to the
overproduction of disulfides, disables the disulfide isomeri-
zation, and depletes luminal GSH. Significant increase in the
nonspecific permeability of the ER membrane in this condi-
tion has recently also been observed.
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FIG. 8. The Foyer-Halliwell-Asada pathway. An electron
transfer chain composed of the main antioxidant compounds
can protect the biological membranes from oxidative dam-
ages caused by free radicals. The components reduce each
other according to their standard redox potentials. The chain
is linked to the intermediary metabolism by NADPH, which
reduces GSSG to GSH in an enzymatic reaction. Standard
redox potentials (¢°) are indicated.

men contains most of the water-soluble electron transfer
compounds, although in concentrations and redox states
differing from those of the cytosol.

Co-localized redox pairs are often linked to one another by
oxidoreductases to form complex redox systems. The direc-
tion of the electron flux is determined by the redox potentials
of the participating redox pairs. The best known example for
such a system is the Halliwell-Asada cycle (Fig. 8). This cycle
is operative in the cytosol, ensuring the reduced state of all the
compounds in the system. However, if the linking enzymes
are missing and the nonenzymatic electron transfer is not
feasible, the redox pairs can co-exist independently and have
different redox potentials. That is the case in the ER lumen,
where in spite of the oxidizing power of the GSSH/GSH
system, pyridine nucleotides remain reduced. The different
redox potential of the two redox systems is ensured by their
uncoupling, since thioredoxin reductase (185) and glutathione
reductase (251) are hardly detectable in the lumen. Thus,
redox-active compounds in the ER lumen constitute a
bicenter network (Fig. 9). One system responsible for bio-
synthesis, biotransformation, and antioxidant defense is
organized around pyridine nucleotides. The second system
is principally involved in the post-translational modification
of secretory proteins and comprises GSH/GSSG, ascorbate/
dehydroascorbic acid, and vitamin K. The central actor of this
latter system is protein disulfide isomerase, which partici-
pates in oxidative folding, vitamin K cycle, and dehydro-
ascorbic acid reduction. Electrons deriving from the reaction
of disulfide bond formation can be used by this mechanism
for the regeneration of active vitamin K and ascorbate, for
protein y-carboxylation and hydroxylations, respectively.

due to the uncoupling between the two systems.

The two redox systems of the ER are separated, but not
isolated. Although the exact mechanisms have not been elu-
cidated, NADPH contributes somehow to the antioxidant
defense of the lumen, which suggests the presence of a
NADPH-dependent dehydroascorbic acid reductase. More-
over, NADPH can partially contribute to the regeneration of
vitamin K hydroquinone by a luminal diaphorase (325).

Besides the local connections, the redox state of the ER
lumen is greatly affected by the influx and efflux of oxidizing
and reducing agents. Reducing equivalents are mainly im-
ported in the form of cysteinyl thiols, which enter the lumen
with the translocation of nascent polypeptides or with the
influx of GSH. Reducing equivalents for the pyridine nu-
cleotide system are also imported in the form of glucose-6-
phosphate (85) and probably as fatty acyl-carnitine (61, 91).
Although the generation and maintenance of the oxidative
luminal environment can be attributed mostly to local oxi-
dations, the transport of electron acceptors can also con-
tribute to it. Dehydroascorbic acid and FAD transport
reported in the ER membrane (22, 310, 319) may be relevant
from this aspect. On the other hand, pyridine nucleotides,
either reduced or oxidized, cannot pass the ER membrane at
significant rate (56, 251, 299). The presence of lipophilic
electron carriers and transmembrane electron transfer pro-
teins (e.g., a homologue of cytochrome b561 in the ER
membrane) can also influence the redox properties of the
lumen (214).

There are two important, but presently unresolved questions
concerning the redox systems of the ER. First, one may suppose
that they are subcompartimentalized within the ER (i.e., the
thiol /disulfide system would colocalize with protein synthesis
and folding in the rough ER, while pyridine nucleotides would
be overrepresented in the smooth ER). Second, the relative
contribution of each redox system to the overall luminal redox
can be different in various cell types. However, experimental
evidence demonstrating redox subcompartimentation and the
systematic investigation of ER redox-active compounds in
different tissues is still lacking.
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FIG. 10. Luminal redox conditions and
the unfolded protein response. Electron
donors enter the ER lumen as the cystei-
nyl thiol groups of native proteins and as
intermediates of nutrient metabolism
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functions via altered steroid metabolism and/or the accumulation of unfolded/misfolded proteins, which triggers the UPR.
The signaling events can ultimately protect or even kill the cell.

IV. Redox-Based Sensing

Physiological external (e.g., nutrients, xenobiotics) or in-
ternal (e.g., production of secretory proteins) stimuli can
profoundly affect the redox systems of the ER. The alterations
of the redox conditions in the luminal compartment of the ER
serve as important signals for the cell and require mechanisms
for restoring them. Thus, redox imbalance initiates signaling
pathways and cellular responses via molecular events that are
referred to as redox sensing. Since redox alterations adversely
influence the folding of secretory proteins, the luminal chap-
erone BiP detecting unfolded proteins can be regarded as the
major indirect redox sensor in the ER. Recently the direct re-
dox sensor function of the ER stress receptor membrane
proteins has been revealed and signaling pathways with the
contribution of pyridine nucleotides have emerged. These
direct and indirect redox sensing mechanisms associated to
the ER are discussed in this section.

A. The unfolded protein response—thiol/ disulfide
redox sensors

Since one of the most important functions of the ER is the
synthesis and post-translational modification of secretory and
membrane proteins, the lumen of the organelle is equipped
with a powerful protein-folding machine composed of chap-
erones, foldases, and also with sensors that detect the pres-
ence of misfolded or unfolded proteins. Physiological and
pathological effects or experimental agents that disturb the
normal folding process provoke the unfolded protein re-
sponse (UPR), an intracellular signaling pathway that coor-
dinates ER protein-folding demand with protein-folding
capacity and is essential to adapt to homeostatic alterations
(collectively named as ER stress) that cause protein mis-
folding. These include changes in intraluminal calcium ion
concentration, altered glycosylation, nutrient deprivation,

pathogen infection, expression of folding-defective proteins,
and changes in the redox status. Excellent recent reviews
summarize the principal events of ER stress and the UPR (189,
269, 276, 277, 294, 297), therefore, the present review em-
phasizes the redox-based mechanisms only.

The main proximal sensors of the UPR are the PKR-like ER
protein kinase/pancreatic eukaryotic translation initiation
factor 2, o subunit (elF2o) kinase (PERK/PEK), the activating
transcription factor 6 (ATF6), and the inositol-requiring en-
zyme 1 (IRE1). These sensors are integral proteins of the ER
membrane (Fig. 10); according to the present model of UPR,
the association of their luminal domain with one of the most
abundant ER resident chaperones BiP keeps them in inactive
state. Perturbed ER homeostasis leads to the accumulation of
unfolded /misfolded proteins in the ER lumen. Their prefer-
ential binding with BiP sequesters the chaperone in the lumen.
The consequent dissociation of BiP from the transmembrane
sensors permits their signaling, which is principally based on
dimerization—phosphorylation (in case of IRE1 and PERK) or
translocation—proteolysis (ATF6). The luminal domain of
IRE1 and PERK regulates the protein kinase activity of these
proteins by ER stress-regulated di- and oligomerization. The
luminal domain of the transmembrane basic leucine zipper
(bZIP) transcription factor ATF6 functions as a retention motif
under normal conditions, but in ER stress, the protein is
translocated to the Golgi complex, where it undergoes limited
proteolysis. The cytosolic bZIP transcription factor domain is
released from the membrane to allow its translocation to the
nucleus.

These three mechanistically distinct arms of the UPR in-
duce expression of chaperones, attenuate protein translation,
promote the proliferation of ER membrane to enlarge the lu-
minal compartment and activate ERAD by regulating the
expression of numerous genes related to protein folding but
also affect the metabolism of proteins, amino acids, and lipids



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2529&iName=master.img-009.jpg&w=312&h=236

88

CSALA ET AL.

ER lumen

xBp1s Cleavage

mRNA in the
VY Golgi
XBP1 mRNA \.
- ANAANNNAAANN, KBP1 @

Apoptosis

f

W Unfolded proteins m @

FIG. 11. The wunfolded
protein response. Upon ac-
cumulation of unfolded/
misfolded proteins in the ER
lumen, BiP chaperone disso-
ciates from the luminal domain
of the three ER transmem-
brane stress receptors, PERK,
ATF6, and IRE1, allowing
their activation. ATF6 tran-
sits to the Golgi where it is
cleaved and its cytosolic frag-
ment migrates to the nucleus.
Both IRE1 and PERK are
oligomerized and autopho-
sphorylated. Phosphorylation
of elF2a by PERK blocks
protein synthesis and allows
translation of ATF4 mRNA,
which induces the transcrip-
tion of genes required to re-
store ER homeostasis. Active
ATF6 regulates the expres-
sion of ER chaperones and
XBP1. XBP1 mRNA spliced
by IRE1 codes for XBPls,
which controls the transcrip-
tion of chaperones, ERAD

LY,

Nucleus

components, and also phos-

pholipid biosynthetic enzymes. This concerted action of the UPR pathways restores the folding capacity of the ER by blocking
further build-up of client proteins, enhancing its folding capacity and eliminating terminally misfolded proteins. Unresolved
ER stress activates apoptotic mechanisms. Bcl-2 family member proteins are involved in the modulation of UPR by par-
ticipating in IRE1 signaling. Under the conditions of prolonged stress a shift towards proapoptotic effects occurs: Bak and
Bax, ER membrane resident proteins, undergo conformational alteration tozgermit Ca”" efflux. The elevated cytoplasmic

Ca®" activates calpain, which cleaves and activates procaspase-12. The Ca

efflux and Bak and Bax release also favors

activation of mitochondria-dependent apoptosis. CHOP, one of the UPR downstream effectors, inhibits the expression of Bcl-
2 to promote apoptosis. IRE1 activation also leads to the activation of JNK, a mediator of inflammation and apoptosis.

(Fig. 11). In addition, PERK activates NF-E2-related factor 2
(Nrf2) transcription factor (54), a key player in the oxidative
stress response, which interacts with activating transcription
factor 4 (ATF4) (102) and contributes to redox homeostasis
and cell survival following endoplasmic reticulum stress (55).
ER stress has also been shown to activate the transcription
factor nuclear factor-«B (NFxB) by calcium- and ROS-
dependent mechanisms (244). The cytoplasmic domain of
IRE1 interacts with the adaptor protein tumor necrosis factor
receptor-associated factor 2 (TRAF2). The IRE1I-TRAF2 com-
plex can recruit IxB kinase (IKK), which phosphorylates IxB,
leading to the degradation of IxB and the nuclear transloca-
tion of NF«xB (127). PERK-mediated attenuation of translation
also favors NF«B activation due to the relatively short half-life
of inhibitor of NF«xB (IxB) (67). Since NFxB has antioxidant
functions, its activation might influence the redox conditions
in the ER but this potential feedback remains to be investi-
gated. Besides the UPR, ER stress can also induce macro-
autophagy, a process whereby the cell recycles and remodels
its macromolecules and organelles. Autophagy counterbal-
ances ER stress-induced ER expansion, enhances cell survival
or commits the cell to nonapoptotic death (126). The UPR
provides a tool to remodel the secretory apparatus and aligns
cellular physiology to the demands imposed by ER stress. If
the efforts of the UPR are insufficient, prolonged ER stress can
trigger mitochondria-dependent and -independent forms of

apoptosis. Caspase-12 (or caspase-4 in humans) and C/EBP
homologous protein (CHOP), also known as growth arrest-
and DNA damage-inducible gene 153 (GADD153) are the two
major ER-specific mediators of apoptosis (Fig. 11).

Besides the ubiquitous sensors and signaling pathways of
UPR, several—sometimes cell specific—other mechanisms
have been described. For instance, two additional ER stress
sensors have originally been reported in the nervous system.
Old astrocyte specifically induced substance (OASIS) and
BBF2 human homolog on chromosome 7 (BBF2H7) are ER-
resident transmembrane proteins in astrocytes (156) and
neurons (157), respectively. Both proteins are bZIP tran-
scription factors activated during ER stress. Upon proteolytic
activation, their cleaved cytoplasmic portions translocate into
the nucleus and activate the transcription of target genes.
Hypo/hyperoxidation of ER proteins due to luminal or cel-
lular redox imbalance affects both the secretory (cargo) pro-
teins and the elements of the UPR signaling pathway.
Consequently, redox alterations can be sensed indirectly (i.e.,
by recognizing the erroneously oxidized, unfolded /misfolded
cargo proteins, or directly, through the redox changes of UPR
receptors).

1. Indirect redox sensing by BiP. Redox imbalance
caused by either experimental agents or pathophysiological
conditions leads to the accumulation of unfolded/misfolded
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proteins in the ER lumen. As described above, according to
the current theory of the ER stress response, the various
misfolded proteins are recognized and diverse signaling
pathways are initiated by a single sensor, BiP. Transmem-
brane stress transducer proteins are associated with BiP under
stress-free conditions and are released upon accumulation of
unfolded proteins. BiP overexpression attenuates the activa-
tion of all the three main signaling branches of UPR. In con-
clusion, BiP functions as a sensor of unfolded proteins, which
mechanistically links luminal redox imbalance with UPR ac-
tivation (Fig. 10). This attractive hypothesis, though valid in
case of experimental, acute and severe ER stress, cannot ac-
count for the selective activation of ER stress sub-pathways in
pathophysiological conditions—the mechanism can be much
more complicated in vivo than previously thought. More or
less specific activation of PERK has been found in an animal
model of hepatic steatosis (218, 240), while the activation of
the IRE1 arm is present in myeloma cells (45). The selective
activation might be due to the different cell types or disease
models. However, divergent effects of PERK and IRE1 sig-
naling could be produced by a chemical-genetic strategy on
cell viability: PERK signaling proved to be pro-apoptotic,
while IRE1 signaling promoted the survival of the cell (175).
Moreover, the passive competition model for BiP between
unfolded proteins and transmembrane signal transducers has
been challenged by recent observations. A relatively stable
binding between ATF6 and BiP was observed, and a region
within the luminal domain of ATF6 was identified as a
specific ER stress-responsive sequence required for ER stress-
triggered BiP release (291). Furthermore, deletion of the BiP-
binding site of IRE1 failed to alter the inducibility of ER stress,
showing that BiP binding is not the sole or principal deter-
minant of IRE1 activity, but an adjustor for sensitivity to
various stresses (150). On the basis of these findings it can be
supposed that additional regulators are involved in the initi-
ation of the UPR, or that other tissue-specific adaptor proteins
can moderate the signaling events and biological responses
once the UPR is initiated by various physiological stimuli.

2. Direct redox sensing. Alterations in the luminal redox
state can also be detected by the ER stress receptors directly
(ie., independently of the accumulation of misfolded/
unfolded secretory proteins). For example, association/
dissociation of BiP is not the sole regulatory mechanism in
case of ATF6. It has been recently shown, that owing to the
presence of intra- and intermolecular disulfide bridges, ATF6
mono-, di-, and oligomers are formed in the unstressed ER.
Various experimental ER stress inducers cause the reduction
of these disulfide bonds, which increases the amount of active
reduced ATF6 monomers. ER stress evoked by a more phys-
iological mechanism, such as glucose starvation, also activates
ATF6. Besides the transcriptional induction of ATF6 synthe-
sis, reduction of disulfide bridges and transport of reduced
monomers to Golgi also occurs in response to glucose star-
vation. The results show that at least two events are necessary
for ATF6 activation, namely the dissociation of BiP and the
reduction of certain disulfide bridges (222, 223). Although the
mechanism of ATF6 reduction is still enigmatic, it was sup-
posed that ER luminal oxidoreductases activated upon glu-
cose starvation may participate in the process. The enzymes
responsible and the source of luminal reducing power remain
to be clarified.

3. ERp44. ERp44 has been recognized as an ER resident
member of the PDI protein family (74) containing a thior-
edoxin domain with a CRFS motif (5). ERp44 can bind to both
resident and secretory proteins either by forming mixed dis-
ulfides or by noncovalent protein—protein interactions within
the ER lumen. The binding has important regulatory impli-
cations in both cases. ERp44 interacts with the third luminal
loop of inositol 1,4,5-trisphosphate receptor type 1 (InsP3R1)
and directly inhibits the receptor. The interaction is influenced
by the redox state, as well as by luminal pH and Ca*" con-
centration (Fig. 12). The presence of reduced cysteinyl thiols in
the third loop is required for the interaction. Thus, the
ERp44/InsP3R1 system may act as a molecular sensor moni-
toring the redox milieu in the ER lumen and transmitting
signals from the lumen of the ER to the cytosolic space for
tuning calcium ion homeostasis through InsP3R1 activity
(110, 210, 211). ERp44 also interacts with human Erol iso-
forms. Erole, an ER oxidoreductin that lacks known ER re-
tention motifs, is retained in the lumen through the formation
of reversible mixed disulfides with ERp44 (4). By this medi-
ation, redox mechanisms may be involved in the control of
oxidative protein folding. Moreover, these studies underline
the interdependence of oxidative protein folding, calcium
signaling, ER stress, and apoptosis. It should be noted that
Erolua can also be bound to protein disulfide isomerase (238)
or to ER membrane components that could prevent its
transport to the Golgi.

ERp44 is also able to form mixed disulfides with cargo pro-
teins, for example, with the unassembled IgM subunits (4, 5, 75).
Recently, an important interaction between ERp44 and the ad-
ipocyte hormone adiponectin has been revealed. Adiponectin is
an insulin-sensitizing adipokine with anti-diabetic, anti-ath-
erogenic, anti-inflammatory, and cardioprotective properties
(94). Maturation and release of adiponectin from adipocytes are
subject to thiol-mediated retention. ERp44 plays an impor-
tant role in this process as well. It forms a mixed disulfide
bond with adiponectin oligomers, which allows extensive
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FIG. 12. Redox control of InsP3R1. ERp44, an ER luminal
protein belonging to the thioredoxin family, directly interacts
with the luminal region of InsP3R1; this interaction is de-
pendent on the pH, the Ca?* concentration, and the redox
state. The binding of ERp44 inhibits the Ca®"-release activity
of InsP3R1 in vivo. Cysteine residues in the luminal region
are required for the inhibition of InsP3R1 by ERp44, as
revealed by mutagenesis experiments. Thus, the ERp44/
InsP3R1 system may act as a molecular sensor monitoring
the (redox) environment in the ER lumen and generating
signals in the cytosol.
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post-translational modifications preceding the formation of the
matured high-molecular-mass oligomeric complex consisting of
at least 18 protomers. Erolo—a privileged partner of ERp44
with the ability to replace the ERp44-retained cargo protein
(4)—can release adiponectin from the binding (326, 327). Since
both ERp44 and Erola are differentially regulated in adipocytes
under different metabolic conditions, they can represent major
sites of regulation for the release of adiponectin from adipocytes
(332). ERp44 as a chaperone participates in the retention of other
luminal proteins too, such as the formylglycine-generating en-
zyme (79, 199). Thus, ERp44-mediated retention of cargo pro-
teins in the ER represents a conditional, redox-dependent
mechanism, which is only indirectly dependent on the KDEL
receptor-mediated, constitutive retrieval.

4. Redox sensing by Ca®" signaling. Ca®" release from
the luminal store is an important event of ER stress and ER-
dependent programmed cell death. Luminal redox imbalance
is a major cause of the remarkable alteration of cellular calcium
homeostasis in ER stress. Luminal redox changes greatly affect
both ER calcium ion channels and calcium ion pumps. Besides
the ERp44-mediated regulation of InsP3R described above,
dynamic redox-sensitive thiols in the ryanodine receptor cal-
cium ion channel are subject to reversible redox conversions,
which, in turn, modulate the open probability of the channel
(338). Interestingly, the type 1 ryanodine receptor calcium ion
channel activity closely follows the transmembrane redox po-
tential difference. As the redox potential difference across the
membrane increases, the open probability of the isolated
channels increases, irrespectively of which side’s redox po-
tential has been modified (76). Therefore, the Ca?* flux through
the ryanodine receptor calcium ion channel is controlled by the
thiol/disulfide redox state on the two sides of the SR mem-
brane. Hence the channel has been postulated as a transmem-
brane redox sensor in the sarcoplasmic reticulum (76).

Calcium ion reuptake into the ER is also regulated by the
redox state and calcium ion concentrations. The luminal
57kDa ER protein (ERp57) was shown to regulate sarco/
endoplasmic reticulum calcium ATPase type 2b (SERCA2b)
activity (172). ERp57 overexpression reduces the frequency of
SERCAZ2b-dependent Ca?* oscillations; an effect dependent
on the presence of cysteinyl residues located in intraluminal
loop 4. Store depletion results in ERp57 dissociation and a
relief of SERCA2b inhibition. The results suggest that ERp57
modulates the redox state of luminal thiols in SERCA2b in a
Ca”"-dependent manner, providing a dynamic control of ER
Ca** homeostasis.

These interactions between luminal redox and Ca*" signal-
ing may also be significant in the cellular response to stress,
serving to protect the cell from apoptosis. Indeed, expression of
both ERp57 and ERp44 is increased by cellular stress. ERp44
overexpression was shown to inhibit apoptosis (110). In con-
clusion, these studies underline the mutual dependence of lu-
minal redox state, oxidative protein folding, and calcium
signaling. InsP3R-induced calcium ion release may be an im-
portant link between luminal redox imbalance and apoptosis.

B. Nutrient sensing—redox sensing
by pyridine nucleotides

Alterations in the redox state of luminal pyridine nucleo-
tides result in ER stress in various experimental models.

CSALA ET AL.

However, in contrast to the relatively well-known signaling
mechanisms of the thiol/disulfide redox system, practically
nothing is known about the sensing and signaling of the redox
state of luminal pyridine nucleotides. The uncoupling of the
thiol/disulfide and pyridine nucleotide redox systems in
the lumen (251) suggests that an—at least partially—separate
sensing and signaling system must exist. ER chaperones are
possible candidates for sensing the redox state of luminal
pyridine nucleotides. The binding of adenine nucleotides by
ER chaperones is well known (70, 161); it can be supposed that
the structurally similar pyridine nucleotides are also potential
ligands, with presumably different affinities towards the re-
duced and oxidized forms. The functioning of ER chaperones
is indeed affected by redox conditions (245, 246). Further-
more, the luminal [NADPH]/[NADP™] ratio defines the di-
rection and rate of the prereceptorial metabolism of several
steroids, as it has been demonstrated in case of glucocorticoids
(165, 234). High ratio results in prereceptorial activation of
glucocorticoids exerting autocrine and paracrine effects via
the activation of the glucocorticoid receptor.
Hexose-6-phosphate dehydrogenase attracts growing in-
terest due to its major role in the maintenance of the high
[NADPH]/[NADP"] ratio in the lumen. The action of the
enzyme is regarded as a prerequisite for the prereceptorial
activation of glucocorticoids, which has been implicated in the
pathomechanism of metabolic syndrome and related diseases
(obesity, type 2 diabetes, polycystic ovary syndrome, appar-
ent cortisone reductase deficiency). Genetic observations, re-
sults gained in hexose-6-phosphate dehydrogenase knock-out
mice and studies on differentiating adipocytes demonstrated
the importance of the enzyme in metabolic regulation. A nu-
trient sensing function of the enzyme, linking metabolism to
endocrinology in the ER, has been recently proposed (18). The
activity of the enzyme depends on the luminal glucose-6-
phosphate concentration, which is presumably similar to the
cytosolic one, due to the facilitated diffusion of glucose-6-
phosphate through the ER membrane mediated by G6PT
(Fig. 13). Intracellular glucose-6-phosphate concentration
is a function of blood glucose and insulin levels in insulin-
sensitive nongluconeogenic tissues such as adipose tissue and
skeletal muscle (68, 283). Moreover, elevation in the level of
fatty acids can be sensed by the same system. According to
Randle’s hypothesis (261), increased free fatty acid (FFA)
concentrations lead to elevated mitochondrial acetyl-
CoA/CoA and [NADH]/[NAD"] ratios which, in turn, inhibit
pyruvate dehydrogenase activity and lead to an increase in
citrate levels that inhibits glycolysis via decreased phospho-
fructokinase activity (Fig. 13). Consequently, the process in-
duces an increase in glucose-6-phosphate concentration (260,
261). Thus, overfeeding either with carbohydrates or lipids
results in elevated glucose-6-phosphate levels in insulin-de-
pendent tissues such as adipose tissue and skeletal muscle. In
agreement with this assumption, it has been reported recently
that luminal NADPH concentration in the ER is highly
sensitive to extracellular glucose levels in HEK-293 cells ex-
pressing 11HSD1. Lowering glucose in the culture medium
dose-dependently decreased cortisol production by 11HSD1
and diminished the cortisol/cortisone ratio. Coexpression
with H6PH potentiated the reductase activity of 11HSD1 at
high glucose concentration (73). In conclusion, overfeeding
(excess of reducing power) via the elevation of cytosolic
glucose-6-phosphate level and by the mediation of G6PT
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FIG. 13. The G6PT-H6PD-11pHSD1 triad in nutrient
sensing of insulin-sensitive cells. Insulin stimulates the
translocation of GLUT4 into the plasma membrane and
hence enhances glucose uptake in muscle and adipose tissue,
which results in elevated intracellular G6P level. Accumu-
lation of G6P, in turn, fuels the G6PT-H6PD-115HSD1 sys-
tem, which leads to increased prereceptorial activation of
glucocorticoids. On the other hand, high level of FFA—
according to Randle’s “glucose-fatty acid cycle”—inhibits
glucose catabolism at several key steps, most importantly at
the level of the pyruvate dehydrogenase (PDH) reaction. As
a consequence, G6P accumulates within the cell. Thus,
oversupply of reducing equivalents—in the form of either
carbohydrates or lipids—leads to the enhancement of glu-
cocorticoid activation.

activates H6PD. The generated and maintained high
[NADPH]/[NADP"] ratio in the ER lumen supports gluco-
corticoid activation by 11fHSDI1. High local glucocorticoid
levels, on one hand counter-regulate insulin action leading to
insulin resistance; on the other hand promote nutrient storage,
producing the most characteristic metabolic features of the
metabolic syndrome (Fig. 13).

C. Endoplasmic reticulum-dependent programmed
cell death

If the ER-to-nucleus signaling pathways, including the
UPR, fail to resolve ER stress, various forms of the pro-
grammed cell death can be activated. The most common
outcome of the prolonged ER stress is the activation of apo-
ptosis (Fig. 11). Apoptosis can be signaled through both mi-
tochondrial-dependent and -independent pathways. Redox
imbalance of the thiol/disulfide system in the ER lumen ac-
tivates the BiP-mediated redox sensing and might generate
apoptotic signals. Apoptosis can be induced via either the
PERK/ATF6-dependent transcriptional induction of the
proapoptotic transcription factor CHOP or the IRE1-mediated
activation of apoptosis signal-regulating kinase 1 (ASK1)/c-
Jun amino terminal kinase (JNK). Recently an alternative
mechanism has been proposed: the ribonuclease activity of
IRE1, besides processing XBP1 mRNA also causes en-
donucleolytic cleavage of several other ER-localized mRNAs,
including those encoding pro-survival factors such as chap-
erones. These events ultimately promote apoptosis (98). Cal-

cium ion efflux generated by luminal redox imbalance can
result in the cleavage and activation of procaspase-12 (or
procaspase-4 in humans) with the subsequent activation of
the apoptotic caspase cascade.

The activation of ATF6 and PERK leads to the induction of
C/EBP homologous protein (CHOP), a negative regulator of
transcription with a bZIP-family domain. CHOP mediates the
most significant ER stress-induced apoptotic pathway (187,
193, 239, 268). The precise mechanism of the CHOP-mediated
apoptosis is unknown. CHOP/cells are protected from ER
stress-induced apoptosis indicating the significance of this
pathway in ER stress-related apoptosis. From a redox point of
view it is important that CHOP activates the transcription of
ERO1, potentially leading to a hyperoxidizing condition
within the ER lumen (193). However, the regulatory mecha-
nisms within Erol (see earlier) can at least partially counter-
balance the hyperoxidizing effect of the induction.

The IRE1 branch of the UPR can activate the MAP kinase
cascade. The complex of IRE1 and TRAF2 interacts with the
mitogen-activated protein kinase kinase kinase, ASK1, which
by a kinase cascade subsequently phosphorylates and acti-
vates JNK (232, 315). Therefore, ER stress-induced JNK acti-
vation and apoptosis are reduced in Irel~/~ and Ask1~/~ cells
(232, 315). IRE1-TRAF2 complex also activates the transcrip-
tional repressor ATF3 leading to apoptosis in ER stress in-
duced by homocysteine (339). The involvement of PERK (and
other elF2« kinases) has been also reported in the activation of
ATF3 with the consecutive induction of CHOP (136). The
activation of procaspase-12 can also occur through a TRAF2-
dependent mechanism in ER stress (336).

The caspase cascade has been reported to be involved in ER
stress-induced cell death (162, 217). Procaspase-12 is an initi-
ator caspase associated with the ER membrane (336) and ac-
tivated by ER stress-dependent limited proteolysis possibly
by calpain (301). Caspase-12 activates the effector caspases
(caspase-9, caspase-3) (219) leading to cell death. Caspase—lZf/ -
mice are partially resistant to ER stress-induced apoptosis
but sensitive to other death stimuli, suggesting that caspase-
12 is a regulator specific to ER stress-induced apoptosis (225).
However, active caspase-12 is absent in human cells due to
several inactivating mutations in its gene (78). Caspase-4 is a
potential candidate to fulfill the role of caspase-12 in ER stress-
induced apoptosis of human cells (112, 148).

Proapoptotic members of the Bcl-2 family have been shown
tobe involved in ER stress-induced apoptosis, which provides
a mechanistic link between the UPR and the apoptotic path-
way (for a review, see Ref. 103). Activation of the IRE1 arm
of the UPR is augmented by Bax and Bak as it has been
demonstrated in Bax and Bak double knockout mice (108).
Consistently, Bax inhibitor-1-deficient cells displayed hyper-
activation of IRElw, leading to upregulation of UPR target
genes (179). These findings show that Bcl-2 family proteins are
physiological modulators of the ER stress. However, during
prolonged ER stress, the UPR initiates apoptotic signaling
pathways via differential modulation of Bcl-2 family proteins.
Bax and Bak regulate activation of the IRE1/TRAF2/ASK1
arm of the UPR, leading to JNK activation. JNK shifts the
balance towards proapoptotic members of the Bcl-2 family
(BH3-only proteins Bim and Bad) and negatively regulates
Bcl-2. Bak and Bax, ER membrane resident proteins, un-
dergo conformational alteration to permit Ca>" efflux. The
elevated cytoplasmic Ca®" activates calpain, which cleaves
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procaspase-12. This caspase-12 activation is independent
from the mitochondrial apoptotic pathway (342, 271). How-
ever, Ca”" efflux and Bak/Bax release also favors permeabi-
lization of the mitochondrial outer membrane, and activation
of caspases involved in mitochondrium-dependent apoptosis.
CHOP, one of the UPR downstream effectors, inhibits the
expression of Bcl-2 to promote apoptosis (205).

ER-stress dependent proapoptotic signaling can be inter-
rupted and come to a halt. For instance, ER stress markers
were detected but the effector caspases were not activated in a
model of acetaminophen hepatotoxicity in vivo (224). The
phenomenon is probably due to serious redox alterations in
the cytosol. The extent of oxidative stress and the consequent
depletion of reduced glutathione seem to determine whether
apoptotic or necrotic cell death is favored in drug-induced
intracellular stress (142).

Besides apoptosis, other forms of programmed cell death
should be taken into consideration in redox-dependent ER
stress. Inhibition of the ER G6PT results in cell death in glioma
(26, 27) or in neutrophil granulocytes (171); it can be supposed
that the altered redox state of luminal pyridine nucleotides
underlies the phenomenon. Emerging data now indicate that
ER stress is also a potent inducer of macroautophagy, a pro-
cess for recycling macromolecules and organelles in eu-
karyotic cells (126). Since starvation is the classic inducer of
macroautophagy and a nutrient sensor function has been
proposed for the luminal pyridine nucleotides (18), it seems
plausible that an oxidative shift in the pyridine nucleotide
redox system would promote autophagy. In fact, the vesicu-
lation of the sarcoplasmic reticulum has also been observed in
the skeletal muscle of H6PD-deficient mice (166), where the
depletion of luminal NADPH can be reasonably supposed. It
has been recently observed that 7-ketocholesterol causes in-
tense cytoplasmic vacuolization, the processing of the au-
tophagy marker, microtubule-associated protein 1 light chain
3, LC3-I to LC3-II, but little caspase activation in smooth
muscle cells, which further supports the proposed model
of the ER redox-dependent autophagic mechanism (201). 7-
Ketocholesterol is rapidly converted to 7-hydroxycholesterol
by the ER luminal enzyme 11fHSD]1, consuming the luminal
NADPH pool (279). ER calcium ion stores and their mobili-
zation were also identified as essential components of the
autophagic response to nutrient deprivation (38, 126). Pyr-
idine nucleotides were also identified as regulators of ER
calcium ion channels, for example, the ryanodine receptor
calcium ion channel (13, 76, 206, 338).

V. Pathophysiology of the Endoplasmic Reticulum
Redox Homeostasis

ER stress has been implicated in a wide range of diseases,
including neurodegeneration, stroke, bipolar disorder, heart
diseases, ischemia-reperfusion, atherosclerosis, cancer, dia-
betes, metabolic syndrome, muscle degeneration, autoim-
mune diseases, and others (21, 90, 124, 134, 147, 192, 274, 306,
340). ER stress can develop on the ground of a massive oxi-
dative stress and a chronic ER stress can cause or aggravate
oxidative stress—a vicious cycle that presumably contributes
to cell damage. Although redox alterations are almost oblig-
atory components of ER stress, in this section we discuss only
those human diseases where the redox imbalance has a major
contribution to the pathomechanism.

CSALA ET AL.

A. Hypoxia, ischemia—reperfusion

Molecular oxygen, as a final electron acceptor, is required
for the functioning of electron transfer chains in the ER in-
cluding the one that generates disulfide bridges in the nascent
luminal proteins. Insufficient supply of oxygen diminishes the
capacity of oxidative folding, and thus disturbs the balance
between protein synthesis and protein processing. In addi-
tion, ATP depletion in hypoxia may contribute to ER stress,
because many chaperones, including BiP (99) and GRP9%4
(174), are ATPases, and ATP hydrolysis is required for protein
folding. Since the imbalance can lead to the accumulation of
unfolded proteins in the lumen, with the consequent activa-
tion of the UPR (158), the ER itself can be regarded as a direct
sensor of hypoxia. Besides the direct effects, the functions of
the ER are also greatly affected indirectly by the complex
adaptive and corrective cellular responses, which are medi-
ated by the hypoxia-inducible factor 1 (HIF-1) (57). HIF-1
regulates the transcription of genes involved in angiogenesis,
vascular reactivity and remodeling, erythropoiesis, iron ho-
meostasis, glucose and energy metabolism, cell proliferation,
and survival (284). Inactivation and destabilization of HIF-1«
subunit is oxygen-dependent, so the active dimer is formed in
hypoxia and induces the expression of several secretory and
plasma membrane proteins (285) further increasing the bur-
den on the ER. Important ER proteins such as BiP, 94 kDa
glucose-regulated protein (GRP94) (280), 150kDa oxygen-
regulated protein (ORP150) (160), protein disulfide isomerase
(302), and ErolLo (87) are products of hypoxia-sensitive
genes. In summary, ER stress and the UPR can develop in
hypoxia due both to impaired oxidative folding and to stim-
ulated protein synthesis.

Stroke and myocardial ischemia are the most important
human diseases where hypoxia or ischemia-reperfusion-
dependent ER stress plays a major role in the pathomechan-
ism. Upon arterial occlusion or hypotension, reduced blood
flow results in tissue hypoxia and hypoglycemia, which cause
protein misfolding and ER stress. During reperfusion, oxi-
dative stress is triggered in the affected tissues, with the
production of reactive oxygen and nitrogen species such as
nitric oxide (NO), a protein nitrosylating agent, and super-
oxide that alters cellular redox-dependent reactions, interferes
with protein disulfide bonding and results in protein mis-
folding. The integrated stress response in acute brain ischemia
involves the ER stress and the UPR as indicated by the in-
duction of BiP (237, 265), the activation of the PERK-eIF2«
pathway (3, 159, 233), the induction of CHOP (247), and de-
pletion of ER calcium ion stores (106). Proapoptotic signaling
is activated; besides CHOP induction and activation, pro-
caspase-12 (221) and ATF4 (100) activation were also ob-
served during cerebral ischemia in rats. The role of ER stress
induced pro-apoptotic signaling in ischemia-induced neuro-
nal cell death and in the damage caused by ischemia/stroke
was also demonstrated in CHOP”" mice. These animals were
more resistant and showed reduced tissue loss after hypoxia-
reoxygenation, implying a causal role for this mediator of ER
stress in neuronal cell death in vivo (298). NO induces CHOP
expression in cultured neurons. Accordingly, NOS inhibitors
show protective effects in brain ischemia (155), and NOS-2-
deficient mice display decreased sensitivity towards brain
ischemia (129). Permanent upregulation of CHOP was shown
to be crucial for the induction of astrocyte death in a cell
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culture model of stroke (29), further suggesting a causal role
for CHOP in brain damage. Autophagy was also observed (1)
and was proposed to be stimulated by oxidative and ER
stresses in cerebral hypoxia (2). The hypoxia-induced ER
chaperones, ORP150, GRP94 and BiP proved to be protective
against ischemia-induced cell death in brain (14, 237, 300).

Reactive oxygen and nitrogen species are also involved in
the PERK branch of ER stress signaling in the brain. The
PERK-dependent ER stress response is markedly less pro-
nounced in superoxide dismutase type 1 (SOD1) over-
expressing animals, indicating the (likely indirect) role of
superoxide anion in PERK activation (100, 101). PERK acti-
vation and elF2o phosphorylation were blocked in endothe-
lial nitric oxide synthase (eNOS) and neuronal nitric oxide
synthase (NNOS) knockout mice (65).

Different kinds and experimental models of ischemic heart
disease have been demonstrated to be associated with ER
stress (89, 90). Ischemia-reperfusion injury in myocardial in-
farction activates the UPR, including the increased expression
of X-box binding protein 1 (XBP1), GRP78, and protein dis-
ulfide isomerase (304). The induction of the hypoxia-sensitive
chaperones such as GRP78 underlies the phenomenon of
preconditioning in the heart (i.e., an exposure to a transient
episode of brief ischemia provides subsequent protection in a
prolonged ischemic period) (292). Recent studies have also
demonstrated evidence for the involvement of autophagy in
the response to ischemia and reperfusion in the heart (96).

B. Neurodegenerative diseases

Neurodegenerative diseases, despite the heterogeneity of
the symptoms, share some common features that can suggest
the participation of ER stress, UPR, or ER-dependent cell
death in the pathomechanism. These commonalities are the
deposition of aggregated proteins, deficiency of the ubiquitin-
proteasome system, impairment of mitochondrial functions,
and increased oxidative damage (30, 97, 176). The accumu-
lation of misfolded proteins should stimulate the ubiquitin-
proteasome system but its activity is depressed by oxidative
effects or by protein aggregates. This leads to further accu-
mulation of misfolded proteins and the aggravation of the
disease. The development of ER stress in these conditions
(177) is not surprising and has been suggested to be involved
in the pathomechanism of a variety of human neurodegen-
erative diseases including Parkinson’s (117), Alzheimer’s
(119), prion (77), polyglutamine (290) diseases, and multiple
sclerosis (208). The UPR can be regarded as a principally
protective mechanism under physiological conditions, but in
these diseases it can contribute to the aggravation of symp-
toms. The redox imbalance is not an obligatory constituent of
the pathomechanism; it can vary in the different neurode-
generative diseases. ER stress in neurodegenerative diseases
has been the topic of numerous excellent recent reviews (21,
177, 204, 248, 262, 312, 337). Thus, we only focus on those
diseases where redox alterations are crucial or at least im-
portant elements of the pathogenesis.

Parkinson’s disease is a chronic progressive neurodegenera-
tive disorder characterized by a profound and selective loss of
nigrostriatal dopaminergic neurons. Clinical manifestations
of this complex disease include motor impairments involving
resting tremor, bradykinesia, postural instability, gait diffi-
culty, and rigidity. The disease is associated with oxidative

stress in the neurons as indicated by glutathione depletion
(249) as well as massive oxidative and nitrosative protein
modifications (64). ER luminal proteins protein disulfide
isomerase and parkin are also intensively S-nitrosylated,
showing that reactive oxygen and/or nitrogen species are
likely present in the ER lumen (226, 313). The redox patho-
mechanism of the disease is further supported by the obser-
vation that missense mutations in z-synuclein gene, coding a
putative modulator of oxidative damage (153) occur in rare
cases of familial Parkinson’s disease (255). Moreover, the ac-
cumulation of aggregated wild-type a-synuclein in vivo blocks
vesicular transport between the ER and the Golgi, causing ER
stress (50).

Induction of oxidative stress by certain redox-active neu-
rotoxins can mimic the disease in cell cultures and in vivo.
These model compounds, such as 6-hydroxydopamine and
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine or its active
derivative, N-methyl-4-phenylpyridinium, have been shown
to induce ER stress in cultured neuronal cells, including do-
paminergic neurons: upregulation of ER chaperones and
CHOP, a negative regulator of transcription as well as au-
tophosphorylation of IRE1 and PERK were detected (115,
272). In line with these observations, 6-hydroxydopamine-
generated ROS induces the UPR, which seems to initiate cell
death via the secondary involvement of the mitochondrial
apoptotic pathway (116). However, it is arguable whether
chemical parkinsonism induced by various toxins can be re-
garded as an appropriate model for the idiopathic Parkinson’s
disease.

PERK and elF2x¢ phosphorylation has been detected in
neuromelanin containing dopaminergic neurons in the sub-
stantia nigra of Parkinson’s disease patients (117). Therefore,
in vivo findings support the experimental observations that ER
stress and the UPR are present in human Parkinson’s disease,
while the role of redox imbalance in the development of ER
dysfunction and the contribution of the UPR to the neurode-
generation are strongly supported.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by progressive degeneration specifi-
cally affecting both upper and lower motor neurons. Since the
exact etiology of ALS is unknown, several theories have been
proposed regarding the pathomechanism: mitochondrial
dysfunction, aggregation of misfolded protein, glutamate
toxicity, increased oxidative stress, disturbed intracellular
trafficking. A hypothesis nominates the disturbed glutamate
metabolism as a primary event of the mechanisms involved in
motor neuron degeneration (39). The prolonged stimulation
of excitatory amino acid receptors results in increased intra-
cellular calcium ion concentration with the secondary dam-
ages of the mitochondria and the ER (322). Moreover, the
consequent elevation of ROS production can also contribute
to the cell injury by oxidizing crucial proteins and other cell
components.

Although SOD1 was identified as an ALS-linked gene as
early as in 1993 (66), the presence of ER stress and the UPR
was first demonstrated in the transgenic mouse carrying the
mutant human SOD1 (mSOD1) as a model of familial ALS.
The mutant SOD1 can aggregate and associate with BiP in the
ER of spinal cord motor neurons (146), although the presence
of wild-type SOD has not been reported in this organelle.
ALS-linked mSOD1 sometimes shows no enzymatic activity
(37, 66), while in other cases the activity is almost normal (36).
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These observations suggest that the luminal accumulation of
the mutant protein rather than its enzymatic activity is re-
sponsible for the ER stress. The cleavage of procaspase-12 was
also observed, which could be attributed to the activation of
the calcium dependent protease calpain in the spinal cord of
these animals (334). The motor neurons of the spinal cord also
showed a pronounced elevation of BiP before the onset of
motor symptoms, suggesting the role of ER stress in the
pathogenesis (305). Similarly, the increased expression of
protein disulfide isomerase and its association with mutant
SOD1 aggregates were demonstrated in the motor neurons of
transgenic mice and rats (9). The ER resident protein Derlin-1
has been shown to interact with mutant SOD1, which leads to
activation of ASK1 (231). Since only 2% of total human ALS
can be accounted for by SOD1 mutations, it is remarkable that
the induction and/or activation of a wide array of UPR pro-
teins have recently been detected also in patients with the
sporadic form of the disease (10). The mutation of a newly
identified ALS-causative gene, vesicle-associated membrane
protein-associated protein B (VAPB), results in motoneuronal
vulnerability to ER stress (295). VABP is thought to play a
pivotal role in the UPR, a physiological reaction to ER stress
(295) but the effect of VAPB on redox signaling has not been
explored yet. The elevated reactive species, the increased NOS
activity and the enhanced nitration and oxidation of proteins
in the motor neurons of the transgenic mouse model of ALS
(181) suggest the possible role of the altered antioxidant
protection of the ER and the consequent redox changes in the
mechanism of ER stress. In summary, an interplay between
oxidative and ER stress has been evidenced in the patho-
mechanism of ALS (130, 140).

Alzheimer’s disease (AD), one of the most common causes of
adult dementia, is a protein misfolding disease caused by the
accumulation of abnormally folded amyloid f (Af) protein in
the brain. Af is a proteolytic product of the transmembrane
protein amyloid precursor protein (APP). Af monomers are
soluble; however, at sufficiently high concentration, they
undergo a dramatic conformational change to form aggre-
gated amyloid fibrils. Deposition of aggregated fibrillar Af is
toxic to the neurons and greatly enhances the production of
ROS (137). Increased levels of BiP and activation of PERK
were observed in the neurons of AD patients, which sug-
gests the development of UPR early in neurodegeneration
(119, 314). Whether the ER stress response delays (121) or
accelerates (118) neuronal cell death in Alzheimer’s disease, as
well as the contribution of redox mechanisms remains to be
clarified.

Subcellular Ca®* dynamics are also thought to be involved
in the pathomechanism of AD (32). Presenilins, a family of
multi-pass transmembrane proteins that function as a part of
the gamma-secretase protease complex, are mutated in the
rare hereditary form of AD. Mutations of APP and presenilins
alter Ca®" fluxes in the ER. Ap treatment of cortical neurons
results in the release of Ca®" from the ER by ryanodine re-
ceptor and InsP3R, induces ER stress and finally leads to in-
creased cytosolic Ca®" and ROS levels (77). Cells expressing
mutant presenilin-1 have perturbed cellular calcium regula-
tion and oxidative stress, which sensitize them to apoptosis
induced by trophic factor withdrawal, by Af (95) or by
ER/Golgi stressors (303).

Although several elements of the pathomechanism have
been characterized, the connection between the redox alter-
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ations and ER stress in AD remain to be elucidated. Recent
observations suggest a possible link: prooxidant effects in AD
patients result in the NO-dependent S-nitrosylation of PDI
and hence inhibit PDI activity. Therefore, the protective effect
of PDI against neuronal cell death triggered by ER stress,
misfolded proteins or proteasome inhibition is reduced in AD
(312).

C. Metabolic diseases

Metabolic conditions profoundly affect the ER. Since both
carbohydrate and lipid metabolisms have ER-resident reac-
tions, nutrient (i.e., reducing equivalent) supply influences the
redox environment of the lumen. These circumstances make
the ER an excellent nutrient sensor; recent experimental
findings explicitly support this assumption. Altered functions
of the ER were mainly shown in pancreatic f-cells, adipocytes
and hepatocytes in pathological metabolic conditions. The
normal functioning of the ER is based on a balanced nutrient
supply. When the provided amount of reducing equivalents is
too high or too low, the ER initiates intracellular signaling
cascades or autocrine/paracrine effects that normally regulate
cellular metabolism; however, these cascades have also been
implicated in the development or in the aggravation of met-
abolic diseases, such as the metabolic syndrome. Glucotoxi-
city, lipotoxicity, and glucolipotoxicity have been known as
pathogenic factors that play a role in type 2 diabetes and re-
lated metabolic diseases. ER stress is a main component of the
pathomechanism in both pancreatic f-cells and peripheral
tissues such as the liver, adipose tissue, and skeletal muscle.
Persistently high glucose (125) and fatty acid (52, 145, 252)
levels reportedly induce ER stress in -cells, thereby playing a
role in the development of type 2 diabetes. Sustained or ex-
cessive ER stress reduces insulin expression (141) and in-
creases apoptosis (168), ultimately decreasing f--cell mass. ER
stress, through JNK activation, suppresses insulin biosyn-
thesis at the transcriptional level (141). UPR markers have
been detected in f-cells of type 2 diabetic patients (168). Ac-
cording with its involvement in ER stress, CHOP-mediated
apoptosis seems to be a fundamental contributing factor to -
cell failure in the disease (274). Although only modest signs of
ER stress can be detected in f-cells derived from type 2 dia-
betic patients, these cells are more sensitive to ER stress in-
ducers in vitro (191).

Since destructive ER stress can be triggered by repetitive or
sustained hyperglycemia and/or hyper-fatty-acidemia, the
reduction of f-cell mass in type 2 diabetes may be due to
gluco- and lipotoxicity (256). Hyperglycemia results in accel-
erated oxidative phosphorylation that is accompanied by
enhanced production of reactive oxygen species (266). Pan-
creatic fi-cells are particularly sensitive to oxidative injuries
due to low expression of antioxidant enzymes (e.g., catalase,
glutathione peroxidase) (266, 274). Hyperglycemia-induced
proinsulin synthesis also stimulates ROS production due to
excessive activity of the oxidative protein folding (274).

Besides f-cells, the ER stress response was also detected
upon overfeeding in liver and adipose tissue in a mouse
model of obesity (241), and ER stress markers have recently
been found in adipose tissue in obese patients (289). Excessive
caloric intake stimulates the synthesis and storage of triglyc-
erides in adipose tissue. Increase of the adipose tissue mass
is due to both hypertrophy and hyperplasia associated with



REDOX CONTROL OF ENDOPLASMIC RETICULUM FUNCTION 95

2.5

2.0

1.54

1.0+

Absorbance at 510 nm §)

0.5

0.0

Control
) Metyrapone

" Dexamethasone _ Cortisol

Cortisone

FIG. 14. Reduced state of the luminal pyridine nucleotides is a prerequisite for preadipocyte differentiation. The effect
of metyrapone—a luminal NADPH depleting agent—was investigated on cortisone-induced adipogenic differentiation of
3T3-L1 cells. Adipogenesis was induced in 3T3-L1 cells with a medium containing 0.5 uM dexamethasone (A and B), cortisol
(C and D), or cortisone (E and F). Metyrapone (50 uM) was added together with the steroids to cells shown in B, D, and F.
Cellular lipids were stained with Oil Red O and examined by phase contrast microscopy after 7 days. The diagram (G) shows
the absorbance at 510nm of the Oil Red O dye extracted with isopropanol from the cells treated as indicated. Data are
mean £ S.D. from three experiments. *p < 0.01 vs. control. (Adapted from Ref. 195.)

the growth of fat droplets in adipocytes. The enhanced
triglyceride synthesis causes ER stress and provokes certain
elements of the UPR. Among others, CHOP induction was
shown and implicated in the reduction of adiponectin pro-
duction in mouse models of obesity (122).

ER redox conditions play a fundamental role in pre-
adipocyte differentiation, which is a prerequisite for the
development of obesity. The enhancement of local glucocor-

ticoid production is an important event in preadipocyte dif-
ferentiation. The capacity of the ER to convert cortisone to
active cortisol is enhanced during preadipocyte differentia-
tion by a remarkable induction of 11HSD1 (286). It has been
demonstrated that the redox state of the ER luminal pyridine
nucleotides is a key factor of prereceptorial hormone activa-
tion (195); reduced state favors, while oxidized state coun-
teracts the local activation of glucocorticoids (Fig. 14). Since
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luminal NADPH is generated at the expense of glucose-6-
phosphate, it is plausible that hyperglycemia (i.e., an in-
creased supply of glucose-6-phosphate), favors preadipocyte
differentiation by means of increased local cortisol production
(Fig. 14). It has been recently demonstrated that the adipose
tissue of obese mice is hypoxic (122), which may also con-
tribute to metabolic dysregulation and even to development
of ER stress (158).

ER stress and the UPR in the insulin-sensitive tissues in-
terfere with insulin signaling to induce insulin resistance. The
activation of JNK in the ER stress response leads to inhibitory
serine phosphorylation of insulin receptor substrate-1 (IRS-1),
thereby reducing the insulin responsiveness of the cells (111,
241). This observation provides a possible link between obe-
sity and type 2 diabetes because the enlargement of fat stores
in adipose tissue is associated with elevated glucose and FFA
levels in the circulation, which threatens with the develop-
ment of a vicious cycle, since hyperglycemia and hyper-fatty-
acidemia induce ER stress, and ER stress can further increase
insulin resistance (92). TNFa-dependent ROS generation
converts the catalytic cysteine to sulfenic acid in JNK phos-
phatases; this mechanism also leads to sustained JNK activity
contributing to insulin resistance (138). Hepatocytes are also
affected in these conditions. Obesity-induced ER stress causes
insulin resistance through JNK-dependent IRS-1 phosphory-
lation (124), and leads to increased hepatic glucose production
through the induction of glucose-6-phosphatase (135). The
enhancement of gluconeogenesis can be expected to favor
local cortisol production by the G6PT-H6PD-11HSD1 triad
due to the increased glucose-6-phosphate supply, and the
metabolic effects of cortisol can worsen insulin resistance.

Atherosclerosis also involves redox alterations in the ER.
Oxysterols, the products of enzymatic or nonenzymatic cho-
lesterol oxidation, may be involved in the initiation and pro-
gression of atherosclerosis (317). Oxysterols can be rapidly
metabolized in the ER lumen in NADPH-consuming reactions
(279). Hypercholesterolemia and elevated triglycerides may
also induce ER stress in vascular cells (90). Oxidized lipids
stimulate the UPR in endothelial cells, and UPR components
ATF4 and XBP1 have been implicated in ER-stress-induced
cytokine production by these vascular cells (84). Cholesterol
induces ER stress in macrophages and promotes cytokine
expression by a CHOP-dependent manner (173), which fur-
ther implicates the UPR in atherosclerosis mechanisms.
Atherosclerosis is also a possible consequence of hyperho-
mocysteinemia (170). Hyperhomocysteinemia, an integral
component of several disorders including cardiovascular
disease, neurodegeneration, diabetes, alcoholic liver disease,
and obesity (134), induces ER stress in vascular endothelial
cells, and triggers apoptosis through an IRE1-dependent
mechanism (339). Hyperhomocysteinemia interferes with
oxidative protein folding, influences the cellular redox status
of thiols and the intracellular glutathione concentrations (154).
In addition, incorporation of nitrosylated homocysteine into
proteins may lead to protein misfolding (132). These effects
should be considered in the ER stress provoking machinery.

D. Cancer

Tumor cells usually need to adopt to a hypoxic and hy-
poglycemic environment due to their rapid growth and the
insufficient vascularization. This suggests that a certain level
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of ER stress should be present in tumors, followed by a pro-
tective UPR. The mechanism helps the tumor cells to survive
in a nutrient- and oxygen-deprived environment. In fact, UPR
marker proteins such as GRP78 and XBP1 are overexpressed
in tumors or in cultured cancer cells exposed to hypoxia (82,
293). Supporting the protective role of the UPR in cancer,
GRP78, XBP1, or PERK-deficient transformed cell lines
showed remarkably reduced tumorigenesis in mice (33, 133,
267). GRP78 seems to play a pivotal role in tumor survival,
proliferation, metastatic potential, and resistance to therapies.
Thus, GRP78 expression is an important marker to estimate
tumor malignancy, and it is a target for cancer treatment (24,
169). These findings indicate that GRP78 plays an important
role in the antiapoptotic defense of tumor cells, beyond its
participation in the ER stress response. In summary, inhibi-
tion of the UPR might be a possible new direction in cancer
therapy. However, in certain cases the aggravation of the
existing ER stress and the UPR may also turn the tumors
towards apoptosis (46, 188).

VI. Conclusions

The redox reactions in the ER lumen are arranged around a
bicentral network. Protein processing is tightly linked to the
thiol-disulfide (including GSH-GSSG) couple; while the re-
actions of carbohydrate and lipid metabolism, as well as those
of biotransformation, employ pyridine nucleotides. In spite of
the weak links between the two modules, their redox states
seem to be independent and fundamentally different. The
oxidized/oxidizing thiol-disulfide system is essential for
protein maturation while reduced/reducing pyridine nu-
cleotides allow local steroid activation and fatty acid desa-
turation.

The redox conditions of the ER lumen are sensitive to al-
terations in the balance between the supply of electron donors
and electron acceptors. The thiol-disulfide module is affected
by the nascent protein load and the oxygen tension while the
pyridine nucleotide module is particularly dependent on the

Hypernutrition [[:):]l:;;:’H]] Fat storage
Hyponutrition l[ll:llj\\DD i E l]] Autophagy
Attenuation of
Hypoxia GSH] @ translation,
[C'SS(J] apoptosis
- Attenuation of
?ggesr}oma GSH] translation,
[GSSG] apoptosis

FIG. 15. ER luminal redox environment, as an integrative
sensor of external and internal stimuli. The imbalance of
the main redox systems of the ER lumen provoked by ex-
ogenous or endogenous factors leads to the disturbed func-
tioning of the organelle (collectively termed as ER stress) and
to the initiation of restitution mechanisms. The possible
outcome of the in vivo stress seems to be dependent on the
redox systems affected.
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abundance of carbohydrates and lipids. Both systems are able
to initiate or modulate signaling mechanisms (i.e., the UPR
and glucocorticoid action) with the capacity to trigger major
cell responses, such as the induction of metabolic enzymes or
chaperones, attenuation of protein synthesis or even the ini-
tiation of apoptosis. The evoked response is not uniform; the
organelle seems to induce the most adequate changes de-
pending on the original stimulus (Fig. 15). Therefore, the ER is
equipped with suitable sensors and appropriate effectors re-
quired for a central redox-based nutrient and metabolic reg-
ulator of the cell.

The primary aim of the ER-derived control mechanisms is
to adjust the metabolic capacities to the demands and vice
versa. It is now evident that the redox-based metabolic control
in the ER is an important component of the physiological
adaptation. However, when the ER stress induced signaling
fails to recover the balance, positive feedback loops can de-
velop and destructive responses become dominant. Growing
evidence supports the role of the ER stress and the UPR in the
development and/or aggravation of a number of pathological
conditions. Some of the most important and best known ex-
amples are discussed in this review. Investigtions have shed
light recently on the role of ER dysfunctions in these patho-
logical conditions. The intensive research in this novel field
provides new perspectives for the understanding of major
medical problems, such as diabetes mellitus and neurode-
generative diseases, and hopefully facilitates the search for
potential therapeutic targets as well.
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Abbreviations Used

11pHSD1 = 11$-hydroxysteroid dehydrogenase type 1
11BHSD2 =11p-hydroxysteroid dehydrogenase type 2
AA =ascorbate
*AA = ascorbyl radical
ALS = amyotrophic lateral sclerosis
Ascox =ascorbate oxidase
ASK1 = apoptosis signal-regulating kinase-1
ATF4 = activating transcription factor 4
ATF6 = activating transcription factor 6
BBF2H7 = BBF2 human homolog on chromosome 7
BiP =immunoglobulin heavy chain-binding protein
bZIP = basic leucine zipper
CHOP = C/EBP homologous protein, also known as
growth arrest- and DNA damage-inducible
gene 153 (GADD153)
CYP450 = cytochrome P450
DAA = dehydroascorbate
EDEM =ER degradation enhancing o-mannosidase-
like
protein
elF20 = eukaryotic initiation factor 2o
eNOS = endothelial nitric oxide synthase
ER =endoplasmic reticulum
ERAD = ER-associated degradation
Ero=ER oxidoreductin
F1,6bP = fructose-1,6-bisphosphate
F6P = fructose-6-phosphate
FFA = free fatty acid
G6P = glucose-6-phosphate
G6Pase = glucose-6-phosphatase
G6PT = glucose-6-phosphate transporter
GA =glucuronate
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Abbreviations Used (cont.)

GDase = -glucuronidase
GGCX = glutamate y-carboxylase
Gla = y-carboxyglutamate
Glc = glucose
GLO = gulonolactone oxidase
GR = glucocorticoid receptor
GSD = glycogen storage disease
GSH = glutathione
GSSG = glutathione disulfide
H6PD = hexose-6-phosphate dehydrogenase
HIF-1 = hypoxia-inducible factor 1
HK = hexokinase
InsP3 =inositol 1,4,5-trisphosphate
InsP3R1 = inositol 1,4,5-trisphosphate receptor type 1
IR =insulin receptor
IRE1 = inositol-requiring enzyme 1
IRS-1 = insulin receptor substrate-1
JNK = cjun N-terminal kinase
LC3 =microtubule-associated protein 1 light chain 3
mSOD1 = mutant human superoxide dismutase 1
MT = mitochondrion
Ncb5or = NADPH cytochrome bs oxidoreductase
nNOS =neuronal nitric oxide synthase
OAA = oxaloacetate
OASIS = old astrocyte specifically induced substance
ORP150 = 150kDa oxygen-regulated protein
PDH = pyruvate dehydrogenase
PDI = protein disulfide isomerase
PERK = PKR-like ER protein kinase
PFK = phosphofructokinase
Pyr =pyruvate
QSOX = quiescin sulfhydryl oxidase
SERCA2b = sarco/endoplasmic reticulum calcium ion
ATPase type 2b
SOD = superoxide dismutase
TRAF2 = tumor necrosis factor receptor-associated
factor 2
UGA = UDP-glucuronate
UGT = UDP-glucuronosyl transferase
UPR =unfolded protein response
VK = vitamin K
VKE = vitamin K epoxide
VKHQ = vitamin K hydoroquinone
VKORC1 = vitamin K epoxide reductase
XBP1 =X-box binding protein 1
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