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Abstract

Significance: Reactive oxygen species (ROS) are produced during normal endoplasmic reticulum (ER) metab-
olism. There is accumulating evidence showing that under stress conditions such as ER stress, ROS production is
increased via enzymes of the NADPH oxidase (Nox) family, especially via the Nox2 and Nox4 isoforms, which
are involved in the regulation of blood pressure. Hypertension is a major contributor to cardiovascular and renal
disease, and it has a complex pathophysiology involving the heart, kidney, brain, vessels, and immune system.
ER stress activates the unfolded protein response (UPR) signaling pathway that has prosurvival and proa-
poptotic components. Recent Advances: Here, we summarize the evidence regarding the association of Nox
enzymes and ER stress, and its potential contribution in the setting of hypertension, including the role of other
conditions that can lead to hypertension (e.g., insulin resistance and diabetes). Critical Issues: A better under-
standing of this association is currently of great interest, as it will provide further insights into the cellular
mechanisms that can drive the ER stress-induced adaptive versus maladaptive pathways linked to hypertension
and other cardiovascular conditions. More needs to be learnt about the precise signaling regulation of Nox(es)
and ER stress in the cardiovascular system. Future Directions: The development of specific approaches that
target individual Nox isoforms and the UPR signaling pathway may be important for the achievement of
therapeutic efficacy in hypertension. Antioxid. Redox Signal. 20, 121-134.

Introduction

HE Exporrasmic ReticuLuM (ER) is present in all eu-
karyotic organisms and evolves in a context of metabolic
compartmentation that is linked to special protein processing
to keep intra-organelle, cell-to-cell interaction, and homeo-
stasis (52). Perturbations in normal ER function may result in
not only ER stress, which is mainly related to the accumula-
tion of unfolded/misfolded proteins in the ER, but also cal-
cium deregulation and redox imbalance. ER stress is related to
numerous diseases (108, 115), including many cardiovascular
conditions (62) and, more recently, to hypertension (28, 38,
45, 113).
Reactive oxygen species (ROS) are produced during nor-
mal cell metabolism in the ER (Fig. 1). However, there is ac-

cumulating evidence showing that during ER stress, ROS
production is increased. While elevation of protein folding in
the ER and mitochondria (39, 86) are thought to be important
sources of ROS during ER stress, there is growing evidence
showing that NADPH oxidase (Nox)(es) are important sour-
ces of ROS in the setting of ER stress (15, 50, 77, 86, 110).
Nox(es) enzymes, particularly the Nox2 and Nox4 isoforms,
are important regulators of blood pressure with a key role in
the development of hypertension (5, 79, 91). A better under-
standing on the association of Nox-derived ROS and ER
stress, and hypertension is currently of great interest, espe-
cially regarding the cellular mechanism in response to stress
that can drive the adaptive versus maladaptive link to hy-
pertension and other cardiovascular diseases (38). Here, we
first summarize the main pathways involving the ER in
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association with ROS production and the emerging evidence
related to Nox-mediated ER stress. We finally explore some
examples on its potential contribution to hypertension
involving the vasculature and peripheral organ systems, in-
cluding the role in some other conditions that can lead to
hypertension (e.g., insulin-resistance [IR], diabetes). The role
of Nox and ER stress in the development of hypertension is
also important in the brain and is reviewed in detail by
Young et al. (113).

ER and Basal ROS Production

The ER comprises a continuous interconnected network of
tubules and sheets that extend from the nuclear envelope
surroundings to spread throughout the cell. It is composed of
a single membrane, which can account for more than a half of
the total cell membrane complex. This architecture and ex-
panded size reflects the diversity of ER function. Almost one
third of total secreted proteins and proteins that belong to the
endomembrane system are manufactured in the ER. They
traffic in a dynamic way, reach the plasma membrane, and are
transported from ER-exit sites to small coat protein II vesicles
and then to the Golgi (56). There is also an independent route
from the ER-Golgi in certain stages of development (68). The
ER is linked to different aspects of lipid metabolism with a
role in the synthesis of phospholipids, and triacylglycerol (27,
29), and the ER lumen also contains some enzymes of gluco-
neogenesis and fatty acid oxidation. The ER also stores high
amounts of calcium that participate in protein N-glycosylation
and protein folding (40). Calcium is also critical for ionic
regulation and calcium cycles in and out of the ER to the

cytosol to control second-messenger cascades and cell con-
traction. Calcium release from the ER can be sensed by mi-
tochondria and induce cell death (9, 54). Indeed, the ER
physically communicates with mitochondria at sites called
mitochondria-associated membrane (MAM) (93); to other cell
compartments, including the nucleus; to the proteasome
through ER-associated protein degradation (ERAD); and to
the Golgi apparatus ER-Golgi and intermediate compartment
(ERGIC) (Fig. 1). The ER also fuses to lysosomes mediating
phagocytosis (25), and it is an important source of autophagy
vesicles (111).

The ER has a distinctive feature compared with most cell
organelles possessing a strong oxidizing lumen that is pri-
marily related to protein oxidation and protein folding, and
where oxygen plays a central role. For a long time, it has been
known that oxygen utilization in the ER can mediate hy-
droxylation reactions that lead, for instance, to the oxidation
of amino acids such as proline residues to hydroxyproline by
prolyl-hydroxylase (PHD), a key step in the processing and
synthesis of collagen and other adhesion molecules. From
an evolutionary perspective, this ability is a hallmark in the
transition of unicellular to multicellular organisms and
metazoans to guarantee cell—cell contact and adhesion (11)
(Fig. 2). PHD also mediates similar protein oxidation in the
extra-ER space to regulate some transcriptional factors in re-
sponse to stress, for example, the hypoxia-inducible factor.

In addition, the oxidizing environment of the ER promotes
protein folding introducing disulfide bonds into nascent
proteins (Eqs 1-4). The combined action of the ER oxireductin
(Erol) family of sulfhydryl oxidase and protein disulfide
isomerase (PDI) is the main driving force for thiol oxidation in
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FIG. 2. Main destination of oxygen metabolism in eu-
karyotic organism. Total reduction of O, to H,O in mito-
chondria yields energy to form ATP. Partial 2-electron (2e)
reduction of O, by ER oxireductin (Erol) in the ER yields
H,0, and generates electrons to mainly oxidise thiols and to
promote protein folding via protein disulfide isomerase. In
contrast, partial reduction of O, yields O,°” (and hence
H,0,) by oxidases (e.g., Nox in cell membrane) and is key in
cell signaling to regulate kinase/phosphatase and tran-
scription factors. Partial reduction of O, in mitochondria is
also related to increased levels of superoxide and H,O,
within the cell, although it is not the main signaling route.
On the other hand, oxygen in mitochondria is consumed to
mediate other metabolic reactions that not only yield energy.
In the cell membrane, oxygen is used by nitric oxide syn-
thases to produce nitric oxide (NO®), a major regulator of
vascular signaling and blood pressure. It should be noted
that NO® reacts with O,°~, producing the strong oxidant
peroxynitrite (ONOO™) that can induce nitration of ami-
noacids such as nitro-tyrosine, an important marker of the
balance of NO® and O,°” in the cardiovascular system (50,
55). Finally, oxygen is a direct substrate of oxidases as prolyl
or lysyl hydroxylase present in the ER (e.g., synthesis of
collagen by prolyl hydroxylase dioxygenase (PDH4)) and
cytosol (e.g., hypoxia-inducible factor hydroxylation by
PHD1-3). In this case, an O, molecule is added to the sub-
strate proline or lysine.

this process. Erol catalytic site has vicinal cysteine motifs
(Cys-X-X-Cys, where X is a non Cys amino acid) and is bound
to a flavin adenine dinucleotide (FAD), which is oxidized by
molecular oxygen to produce H,O, [Eq. 1] (33, 98, 102). In the
process, oxidizing equivalents are used to form Erol dis-
ulfides [Eq. 2] that are further shuttled to form PDI disulfides
[Eq. 3]. The oxidized PDI ultimately introduces disulfides to
nascent proteins [Pt in Eq. 4] (Fig. 2). PDI is an abundant ER
chaperone bearing special redox features (i.e., low pKa of the
cysteine that is within two thioredoxin-like motifs, Trp-Cys-
Gly-His-Cys), which, at relatively oxidizing conditions such
as in the ER, favors PDI isomerase/oxidase activity (48, 69).

Erol-(FADH2)+ O, — Erol-(FAD) + H,O; [1]

Erol-(FAD +2R-SH) — Erol-(FADH2 + RS-SR) [2]

Erol-(FADH2 +RS-SR) + PDI-(2R-SH) — Erol-(FADH2 +
R-SH) +PDI-(RS-SR) [3]

PDI-(RS-SR) + Pt (2R-SH) — PDI-(2R-SH) + Pt (RS-SR) [4]

Although the final destination of H,O, generated in the
process [Eq. 1] is elusive, HO, may participate in oxidative
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folding in different ways (48, 60, 98, 99). For example, H,O,
removal hinders oxidative folding and secretion of IgM by
human embryonic kidney cells (HEK) and 129u" cells (60).
Moreover, H,O, can react directly with antioxidants such as
glutathione (GSH) and ascorbate, and overall contribute to
keep an oxidative threshold state within the ER (48, 98). The
H,0; also oxidizes ER-located peroxiredoxin IV (PrxIV), and
recently, it was shown that PDI can reduce the PrxIV disulfide
(99). In this process, PDI becomes oxidized and is able to
further promote disulfide formation of nascent proteins. This
is thought to increase efficiency of disulfide formation by
H,0O, generated by Erol (Eq. 1) or by other alternative sources
of H,O, (48, 59, 98, 120). Indeed, even in the absence of Erol,
protein folding still occurs, and it is suggested that other ox-
idases, including Nox(es), may compensate for the redox de-
mand in the ER in some circumstances (59, 98). However,
whether Nox(es) have a more direct impact on protein di-
sulfide formation in the ER is not known. Nevertheless, the
PDI-Erol-dependent oxidative activity in the ER is balanced
to cytosolic glutathione levels, supporting functional redox
interplay between these two compartments (59, 86, 98). PDH-
mediated oxidation and Erol-PDI-mediated-disulfide bound
formation show that the oxygen molecule is an important
component in mediating protein oxidation and folding in the
ER (e.g., an O, molecule is added to the substrate proline in the
collagen biomolecule or is converted to H,O,, generating elec-
trons that are shuttled to form a disulfide formation, Eq1-Eq4).
This reveals a role for oxygen beyond energy supply (Fig. 2).

General ROS Production During ER Stress

Changes in ER function induce ER stress, which is charac-
terized by a global arrest in protein synthesis and diversion of
the translational machinery to increase protein expression of
the ER chaperones such as Glucose-related proteins Grp78
(BiP), Grp94, and calreticulin (Fig. 3). Dependent on the in-
tensity or severity of stress, apoptosis is induced, especially
via the ER-associated caspases (caspase-12 in many species
and equivalent in humans) (65, 82, 83). Increased levels of
such molecules are broadly used as ER Stress markers, al-
though these changes may sometimes reflect homeostatic
fluctuations of the ER rather than stress conditions per se (82).
Common inducers of ER stress include tunicamycin (a potent
inhibitor of transfer of N-actelyglucosamine-1-phosphate
from UDP-N-acetylglucosamine to dolichol phosphate in the
first step of glycoprotein synthesis in the ER) and thapsigargin
(a non-competitive inhibitor of ER Ca ATP, known as
sarcoplasmic reticulum calcium ATPase). Since the protein
folding is strictly related to an oxidizing environment in the
ER as discussed earlier, strong reducing agents such as di-
thiothreitol (DTT) also induce ER stress. The cellular response
to ER stress is regulated by the unfolded protein response
(UPR) signaling pathway that allows communication from
the ER to the nucleus and to other cytoplasmic signaling
pathways. There is also much evidence that places the UPR
downstream of physiological stimuli (e.g., starvation, hyp-
oxia, and differentiation) that is not necessarily acting via the
accumulation of unfolded protein (82).There are excellent re-
views on ER stress and the molecular details of the UPR (82,
97,106, 109) and therefore will not be explored in detail here.
Very briefly, the UPR is activated by three ER transmembrane
proteins, two kinases (e.g., kinases the protein kinase RNA
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FIG. 3. A depiction of the unfolded protein response (UPR) signaling pathways. Inositol-requiring protein-1 kinase (Irel)
is the most ancient of all the UPR signaling conserved from yeast to mammalian. It works as an endoribonuclease, slicing the
mRNA of the transcription factor X-box binding protein-1 (XBP1). Irel is closely linked to apoptosis, activating the c-Jun
amino-terminal kinase (JNK) and also caspase-12 via interaction with TRAF2 and with proapoptotic Bcl-2-associated proteins
(BAX/BAK), and it can also promote apoptosis via apoptosis signal regulating kinase 1 (ASK1)/JNK signaling. ATF6 is
processed by SP1/2 proteins in the Golgi generating cleavage ATF6 that promotes ER stress-related chaperones. PERK:
protein kinase RNA (PKR)-like ER kinase (PERK) autophosphorylation promotes the phosphorylation of the o subunit of the
downstream eukaryotic initiation factor2 (elF2x-P) to strongly inhibit mRNA translation and shuts down global protein
synthesis (9, 25, 40, 54, 93). In a paradoxical way, this phosphorylation allows the synthesis of certain stress proteins such as
the ATF4 transcriptional factor via an open reading frame (ORF)-dependent translation mechanism. Other kinases that
promote elF2o phosphorylation include heme-regulated inhibitor kinase, general control non-derepressible 2 kinase, PKR,
and, thus, e[F20-P is known as a part of the Integrated Stress Response. The ATF4, XBP1, and ATF6 regulate genes encoding
ER chaperones, ERAD, and a broad range of metabolic process ranging from aminoacid transport to proteins and phos-
pholipid synthesis and adaptive response. ATF4 along with the ATF6 activation is more associated to survival outcome in
response to ER stress. In contrast, increased levels of CHOP (or Gadd153) expression along with IRE1 activation are related to
more pro-apoptotic events in response to ER stress.

(PKR)-like ER kinase (PERK) and inositol-requiring protein-1
kinase, Irel), and transcription factor 6 (or ATF6) (82, 97, 106,
109). Overall, the UPR integrates ER homeostasis to elicit an
adaptive and/or proapoptotic response (Fig. 3).

A common feature of the cellular ER stress and UPR acti-
vation is an increase in ROS generation due to a decrease in
the level of antioxidants and an increase in the threshold of
ROS generation. There are a vast number of publications
showing that antioxidants usually attenuate the UPR (86). In
addition, some antioxidants such as the lipid-soluble butyl-
ated hydroxyanisole were shown to improve protein secretion
from the ER in mammalian cells loaded with misfolded pro-
teins (55). The main molecular association between the UPR
and cellular antioxidant response is via PERK. PERK auto-
phosphorylation is well known to promote the phosphory-
lation of the o subunit of the eukaryotic initiation factor 2
(eIF20-P) to strongly inhibit mRNA translation shutting down
global protein synthesis (106). In a paradoxical way, elF2x

phosphorylation allows the synthesis of certain stress proteins
such as activating ATF4 (Fig. 3) (106). ATF4 regulates genes
related to cell metabolism, including those involved in anti-
oxidant responses such as glutathione biosynthesis and glu-
tathione transferase, the transport of cysteine amino acids,
and homocysteine metabolism. Not surprisingly, cells lacking
PERK are deficient in GSH synthesis and have increased basal
levels of H,O, accumulation (26, 35, 49). PERK has also been
related to activation of the transcription factor Nrf2 (22, 23).
Nrf2 is well known to activate antioxidant responses, and it
was shown that during the UPR, Nrf2 plays a role in main-
taining GSH levels which buffer the accumulation of ROS (22).
Cells lacking Nrf2 have a deleterious outcome, which is
attenuated by restoring GSH or reintroducing Nrf2 (22). In all
these cases, the inhibition of ROS attenuates apoptosis in-
duction after ER stress (22, 35, 49, 86). Another important
redox aspect linked to ATF4, although not restricted to ATF4
(59), is the regulation of the transcription factor C/EBP
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homologous protein (CHOP, also known as GADD153) (58).
CHOP is important for promoting Erol expression/activa-
tion, and CHOP~/~ cells show a relative hypo-oxidizing en-
vironment and, therefore, preventing the formation of
abnormal protein aggregates in response to ER stress (58).
Such results are in tune with decreased levels of ROS when
Ero-1 was knocked down in PERK-1-null worms (35). This is
intriguing, as it was recently shown that chemical and phys-
iological ER stressors also produce a hypo-oxidized ER en-
vironment in yeast cells (61).

Increases in ROS production have been detected under
different conditions of ER stress or UPR signaling activation
(4,15, 22, 35,77, 86, 110). There is always an early increase in
ROS generation that possibly reflects a more direct response
to ER stress inducers, but later, a secondary oxidative event
occurs at more terminal stages of the UPR. Interestingly, ER-
associated apoptosis can also feed back to ROS generation
under circumstances in which caspase-12 was knocked down
(86). While ER protein oxidation (discussed earlier) and mi-
tochonderia (39, 86) are thought to be important sources of ROS
on ER stress, there is growing evidence showing that Nox(es)
are important sources of ROS in the setting of ER stress (15, 77,
86, 110). Next, we review some of the emerging evidence
showing the convergence of Nox-derived ROS with ER stress.

Nox-Derived ROS and ER Stress

Nox is a family of enzymes that generate ROS (O,°~ and,
hence, H,O,). It consumes oxygen and mediates electron
transfer using NADPH (Fig. 1). There are seven oxidase
family members; each isoform has a distinct catalytic subunit
(i.e., Nox1-5 and Duox1 and 2) and also different require-
ments for additional protein subunits (8, 13, 47, 103, 104). The
best studied member of the Nox family, Nox2 oxidase (aka
gp91P"°* oxidase) is known for its role in phagocytic cells,
where genetic defects in Nox2 causes chronic granulomatous
disease, a condition that leads to recurrent severe fungal and
bacterial infections due to defective phagocyte function (104).
However, Nox2 is also expressed in many other cell types,
and different Nox isoforms are widely expressed in a tissue-
specific manner. Recent detailed reviews on the structure,
biochemistry and function, and roles of Nox enzymes have
been published (8, 47, 103). Nox-dependent redox signaling
involves a controlled and local production of low levels of
ROS in the surroundings of target proteins, and such effects
have been implicated in signaling pathways that regulate al-
most all cellular processes (8, 47, 103).

The two Nox isoforms so far reported to be involved in ER
stress are Nox2 (50) and Nox4 (15, 77, 86, 110) (Fig. 2). Each of
these isoforms exists as a membrane-bound heterodimer
with a lower molecular weight p22P"** subunit, but there are
several differences between these isoforms. Nox2 is usually
quiescent and is acutely activated by stimuli such as
G-protein-coupled receptor (GPCR) agonists (e.g., angiotensin
II, endothelin-1), growth factors, phorbol myristate acetate,
lipophosphoglycan (LPG), and cytokines in a tightly regu-
lated process promoting cytosolic subunits (p47P", p67P",
p40P", and Racl) to associate with the Nox2-p22P"** het-
erodimer to initiate enzyme activity (22, 23, 26, 58). Nox2 also
has electrogenic features (20) and in phagocytes, it is linked to
the regulation of phagosome/lysosome pH and protease ac-
tivity (57, 87, 96). Nox4, however, does not have a require-
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ment for additional regulatory subunits, has constitutive low-
level activity, and seems to be regulated largely by changes in
expression (8,47, 103). Thus, Nox4 is generally regarded as an
inducible isoform. In addition, recent independent studies
from several groups suggest that, in contrast to Nox2, Nox4
may generate H,O, rather than O,°~, but several papers also
show O,°~ production (84). Such differences could be due to
experimental conditions and methodological issues. Finally, it
is clear that the intracellular location of the two isoforms in
different cell types is very distinct. Generally, activated Nox2
is found predominantly in the plasma membrane, whereas
Nox4 is found intracellularly in the cytoskeleton or focal ad-
hesions (8) and in the mitochondria (1). However, several
groups, including our own, have found Nox4 in an ER-related
perinuclear location (43, 110, 114).

Nox4 was shown to physically interact with PDI (43), and
the loss of PDI resulted in a decrease in Akt phosphorylation
and increased cell death in response to Angiotensin-II in
vascular smooth muscle cells (43). A functional and spatial/
physical interaction between PDI and the p22P"™ oxidase
subunit was shown in macrophages (85) and, more recently,
between PDI and p47P"* in neutrophils (24). The down-
stream role of ROS generated by PDI-Nox remains unknown
but could be related to ER-mediated phagocytosis (25, 96) or,
similar to PDI-Erol, to protein folding in the macrophage ER
to affect antigen processing (Fig. 1). Nox4 located in the ER
has been linked to endothelial growth factor (EGF)-induced
proliferation of endothelial cells (15). In this case, Nox4 me-
diated oxidation and inactivation of the protein tyrosine
phosphatase PTB1B, which is also found in the ER (15) (Fig. 1).
PTP1B can potentiate IRE1-dependent signaling during UPR
and, thus, can be an important target of Nox4 during ER stress
(34). Finally, using an ER-targeted fluorescent ROS sensor,
Wu et al. showed that Nox4 promoted ROS generation in
endothelial cells in response to ER stressors such as tunica-
mycin and HIV-1Tat protein, but not to thapsigargin or DTT
(110). They found that Nox4 displayed at the cytosolic face of
the ER promoted the activation of Ras-RhoA, a small GTPase
protein known to regulate the actin cytoskeleton in the for-
mation of stress fibers. This activation was correlated to an
increase in autophagy levels, and this prosurvival response
was further supported by increased levels of apoptosis after
Nox4 or Atg5 knockdown (110). Thus, the ER surface seems to
provide a locus related to Nox4 signaling, promoting a more
homeostatic protective response (77, 110). Nox4 has also been
related to RhoA regulation in vascular smooth muscle cells (53)
(Fig. 1). In this case, Nox4/p22phox was found to interact with
the protein polymerase delta interacting protein 2 to increase
ROS formation and RhoA activation that had a specific role in
focal adhesion and increases stress fiber formation (53).

The full role of Nox4 in the ER is unclear. One important
aspect is that Nox4 requires the transmembrane topology
characteristic of the Nox family (47, 103, 104), and assuming
ER as an extracellular space and the well-known Nox2 to-
pology in the plasma membrane, Nox4-derived ROS would
be expected to face the ER lumen. Thus, basal Nox4-derived
ROS generation could help the ER to promote protein folding,
but whether Nox4 has an impact in protein folding has not
yet been shown. An overstimulation of this system as that
during ER stress is thought to result in a hyperoxidative
ER environment that triggers upstream UPR signals (Figs. 1
and 3). In this pathway, electrons are transferred via NADPH
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originating from the pentose shunt in the cytosol that would
also have redox consequences in the extra-ER space with in-
creased NADPH consumption at the cost of glutathione and
thioredoxin reductase activity. Whether Nox4 generates ROS
facing the cytosol is not known but in this case, an NADPH
source candidate could be hexose 6-phosphate dehydroge-
nase, a stress-inducible luminal enzyme of the ER that con-
verts glucose-6-phosphate and NADP to 6-phosphogluconate
and NADPH, the cofactor for ER luminal reductases such as
11-p-hydroxysteroid dehydrogenase type 1 (92). The different
topology of Nox4 in the ER membrane can have an effect on
the cytosolic or ER luminal NADPH pools, and thus with
potential implications for cell metabolism. However, since
H,0, is permeable and diffuses through cell membranes,
Nox4-derived H,O, is expected to have effects in the sur-
roundings of the ER membrane, especially with regard to the
regulation of some general signaling events such as Nox4-
mediated regulation of RhoA and PT1B (15, 110).

Nox4 activation in response to ER stress has also been
shown in vascular smooth muscle cells (77, 86). Nox4 mRNA
and protein levels were significantly induced by an oxidized
derivative of cholesterol, 7-ketocholesterol, while the expres-
sion of Nox]l and Nox5 mRNA remained unaltered (77).
7-ketocholesterol increased the levels of ROS, an effect to-
tally abrogated by Nox4 siRNA and also inhibited by PEG-
superoxide dismutase (SOD) and PEG-catalase, and by the
flavoprotein inhibitor diphenylene iodonium (DPI). The loss
of Nox4 had early implications on calcium oscillation in re-
sponse to 7-ketocholesterol (77). Moreover, the lack of Nox4
prevented the expression of several markers of the UPR, in-
cluding proapoptotic CHOP and Bax proteins and was cor-
related with the onset of cell death involving c-Jun N-terminal
kinase (JNK)-apoptosis signal regulating kinase 1 (ASK1),
which is downstream of IRE1 activation (77) (Fig. 3). Similar
findings were obtained more recently using rabbit aortic
vascular smooth muscle cells (86). In this case, tunicamycin
was used as an ER stress inducer and confirmed a marked
time and concentration-dependent increase of the levels of
Nox4 mRNA, while only marginal changes in the expression
of Nox1. Nox4 expression levels were also correlated with
increased levels of ROS using more specific methods of DHE-
HPLC. The ROS generation was prevented by transfection of
full-length GADD34 plasmid, a condition that abolished elF2«
phosphorylation and interrupted the UPR (86). These results
suggest a possible participation of Nox4 in the UPR in smooth
muscle cells.

ER-stress-mediated ROS generation in response to choles-
terol and 7-ketocholesterol have been shown in other cell
types such as endothelial cells and macrophages (50, 100). In
this case, however, Nox2 transcription and activation was
correlated with increased calcium release from the ER and
associated with UPR activation via PKR-elF200 and CHOP
pathway (Fig. 3) (50). Both lipids induced CHOP and calcium
release from the ER through the activation of inositol 1, 2, 5-
triphosphate receptor type 1 (IP3R1) and Ca®* /calmodulin-
dependent protein kinases II (CaMKII), which ultimately
resulted in Nox2 activation and ROS generation. Therefore,
ER stress induction via CHOP leads to ER increased calcium
release (IP3R) and, consequently, activation of Nox2 (50).
However, the absence of Nox2 also suppressed CaMKII ac-
tivation/phosphorylation, which is suggestive that Nox2-
derived ROS could be important for sustaining PKR-eIF2x
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and CHOP induction, thus acting as a positive feedback
mechanism in ER stress induction (50). In vivo, Nox2 defi-
ciency protected ER-stressed mice from renal CHOP induc-
tion and apoptosis and prevented renal dysfunction (50).
Thus, Nox2-derived ROS in association with calcium re-
lease is thought to be an important mechanism of ER-stress-
mediated apoptosis. One striking observation is the effect
of cholesterol and 7-ketocholesterol on the onset of apo-
ptosis (77) that seems to be closely linked with the ER and
calcium release effect. Although a better understanding of the
UPR signaling and different Nox(es) is needed, these results
could, in part, explain some opposing effects where Nox4 is
likely more protective (15, 110). Another important aspect
is that both mRNA of Nox2 and Nox4 are induced by 7-
ketocholesterol (50, 77). There is no mechanism described yet,
and it would be very interesting to know whether this regu-
lation is more directly linked to some of the UPR transcription
factors or via a Ca®*-dependent mechanism. Nevertheless,
these results suggest that Nox4 and Nox2 are important
sources of ROS generation in response to ER stress in most
cardiovascular cell types. Overall, ROS production likely oc-
curs both upstream and downstream of the ER stress response
along with the coordinated expression of ATF4, Nrf2, and
CHOP, and the oxidases Erol, Nox2, and Nox4 may couple
ER stress to cellular redox signaling and metabolism, with a
prosurvival or proapoptotic outcome (Fig. 4).

ER Stress and Nox in Hypertension

Hypertension is a major modifiable risk factor for renal
failure, cardiovascular disease, and stroke (67, 101). Hy-
pertension affects 30% of adults in the Western world and is
the leading cause of morbidity and mortality worldwide.
Although the exact etiology still remains largely unknown,
it is clear that hypertension is a multifactorial, complex
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FIG. 4. Upstream and downstream reactive oxygen spe-
cies (ROS) production in relation to ER stress and UPR. In
response to ER stress, ROS production is increased due to
different sources, including Nox(es). This ROS is associated
to UPR signaling that can activate an antioxidant response
(e.g., Nrf2) or increase ROS generation (e.g., Erol, Nox). This
redox balance determines a cell response that can be adap-
tive or induce cell death.
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polygenic disorder with many interacting mechanisms con-
tributing to its pathophysiology and involving many organ
systems, including the heart, kidney, brain, vessels, and, more
recently, the immune system (37, 67, 101). Factors implicated
in the pathophysiology of hypertension include activation of
the sympathetic nervous system, up-regulation of the renin-
angiotensin-aldosterone system, altered G protein-coupled
receptor signaling, and inflammation (36, 105). Common to
these processes is oxidative stress, which is primarily due to
excess ROS generation, decreased nitric oxide (NO®) levels,
and reduced antioxidant capacity in the cardiovascular and
renal systems (12, 88).

In the early phases of essential hypertension, cardiac out-
put (CO) is increased and total peripheral resistance (TPR) is
normal, but with time, CO drops to normal levels and TPR
increases. Many factors contribute toward increasing TPR,
including vasoconstriction, endothelial dysfunction, struc-
tural remodeling, and vascular inflammation. At the cellular
and molecular levels, signaling pathways, including mitogen
activated protein kinases, tyrosine kinases, calcium, and
GTPases (Rac-Rho), involving cross talk between different
receptors (GPCRs and tyrosine kinases) in different vascular
cell types (endothelial, smooth muscle, adventitial fibroblasts,
and nerve terminals), have been implicated in vascular
changes, which contribute to increased TPR in hypertension.
Common to these processes is the formation of ROS in the
heart, kidney, and vasculature (e.g., endothelial and smooth
muscle cells, and fibroblasts) (12). Nitric oxide is the prototype
of a free radical regulating blood pressure (Fig. 2), but, more
recently, it was discovered that different Nox(es) isoforms in
many cell types of the cardiovascular system and brain may
be important (8, 13, 103, 104, 118, 119). In pathological con-
ditions, ROS production contributes to the activation of
proinflammatory, profibrotic, and mitogenic signaling path-
ways, leading to oxidative damage in the vasculature, which,
in turn, results in increased vasoreactivity, endothelial dys-
function, vascular remodeling, reduced vascular compliance,
increased TPR, and elevated BP (6). Thus, ROS is highly reg-
ulated under physiological conditions; whereas in disease
states, dysregulation of Nox(es) contributes to cardiovascular
injury and hypertension. Nox-mediated hypertension has key
components in the vasculature (101) and in the central ner-
vous system (118, 119).

Hypertension has been recently linked to ER stress, and
there is accumulating evidence that ER stress is an important
factor in diabetes and other cardiovascular conditions such as
cardiac hypertrophy, heart failure, and atherosclerosis (28, 38,
45, 62, 113). It is well established that increased arterial blood
pressure is associated with cardiovascular complications,
such as hypertrophy, fibrosis, renal failure, and vascular en-
dothelial dysfunction. Cardiac hypertrophy and fibrosis are
well documented in hypertensive animals and patients (72,
76). Hypertension-induced cardiac hypertrophy is a pro-
gressive event that is associated with myocardial remodeling
which is characterized by fibrosis and alterations in cardio-
myocyte size and function. A recent study demonstrated that
ER stress is an important factor in vascular dysfunction and
cardiac damage in Angll-dependent hypertension (64). Angll
infusion also increased the levels of ATF4 and CHOP in aorta
and mesenteric resistance arteries (MRA), an effect that was
associated with impaired endothelial dependent relaxation
(EDR) in both vessels. This effect was reversed after ER stress
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inhibition. Nox activity was increased in both aorta and MRA
from mice injected with tunicamycin, an effect also abolished
by ER stress inhibitors. The ER stress marker Grp78 was also
increased in both the aorta and MRA. Transforming growth
factor beta 1 (TGFf-1) antagonists restored Grp78 levels and
EDR only in the aorta, but no change was observed in MRA.
On the other hand, apocynin, a nonspecific Nox inhibitor,
completely restored EDR in mesenteric arteries, and no effect
was observed in the aorta. The use of apocynin to inhibit Nox
is controversial, as in order to inhibit Nox, apocynin requires
oxidation and formation of a dimer derivative, which reacts
with p47phox cysteine residues and thus inhibits Nox (64).
This effect has been well shown in neutrophils which contain
myeloperoxidase (MPO), but it is very unlikely that this
would apply to Nox4 and it is debatable that this effect would
be present in vascular cells which do not have MPO. In fact,
apocynin effects on redox status in vascular cells may not be
Nox specific, and actions of this methoxy-substituted catechol
could vary depending on the cell type studied and whether
MPO (or other peroxidases) is functionally present. Therefore,
the use of apocynin as an inhibitor of Nox in nonphagocytic
cells should be conducted with caution and with the knowl-
edge that, in the absence of peroxidases and H,O,, effects on
redox status may be through Nox-independent processes,
such as through radical scavenging, which poses this com-
pound as an antioxidant (41). In addition, the observed va-
sodilator effect of apocycin in aortas treated with ER stress
inducers (45) could also be a consequence of the inhibition of
Rho/Rho kinase pathway (89). Since RhoA has been shown to
be redox modulated (44), it is possible that the decrease in
ROS induced by apocynin ultimately contributes to restoring
EDR in MRA submitted to ER stress. Therefore, ER stress
induces vascular dysfunction through different signaling
pathways by a TGFf-1 dependent mechanism in the conduit
arteries and through a ROS/Rho kinase-dependent mecha-
nism in resistance arteries. In addition, studies using cultured
cells demonstrated that ROS can also increase ER stress,
which suggests that the convergence of these two processes
could result in vascular endothelial dysfunction in hyperten-
sion (78) (Fig. 5). In fact, TGFf-1 and ROS generation have
been proposed as important factors in the development of
vascular complications in hypertension (7, 78) and cardio-
vascular disease (19). The development of heart failure has
neurohumoral and inflammatory components (10), and recent
reports suggest that ER stress is involved in cardiac re-
modeling in Dahl salt-sensitive rats with hypertension, car-
diac hypertrophy, and heart failure (42). Interestingly, these
authors found a new ER protein PARM-1 (or prostatic an-
drogen repressed message) that is specifically expressed in
cardiac cells under hypertension induced by a high salt diet
(42). The knockdown of PARM-1 induced apoptosis in cardiac
cells in response to ER stress, repressing the expression of
PERK and ATF6 to augment expression of CHOP, and with-
out affecting IRE-1 expression or JNK and Caspase-12 acti-
vation. Thus, these results suggested that PARM-1 is a novel
ER molecule that is involved in cardiac remodeling in
hypertensive heart disease (42). ER stress was also involved
in cardiac damage and vascular endothelial dysfunction
in hypertensive mice (42). Moreover, the inhibition of ER
stress attenuates cardiovascular remodeling in aldosterone-
salt-treated rats (2). A recent study demonstrated that
ER stress is an important player in conduit and resistance



128

==

TGFB-1
NFKB
i Y
imbalance

FIG. 5. Converging pathways that possibly integrate hy-
pertension, oxidative stress, and ER stress. Hypertension
increases ER stress, triggering UPR. Nox activity is increased
during hypertension, leading to oxidative stress with alter-
ations in vasculature structure and culminating in vascular
dysfunction. ROS imbalances can converge with ER stress
through the activation of NFkB and transforming growth
factor beta 1 (TGFf-1), and both processes contribute to an
increase in ROS generation, which also culminates in vas-
cular dysfunction and hypertension development.

vessel dysfunction related to enhanced Nox2 and Nox4 in
hypertension (45). In this case, Angll-induced hypertension
resulted in increased levels of elF2u-phosphorylation and
ATF4-CHOP that were associated with a marked increase
in the levels of Nox4 mRNA. ER stress inhibitors such as
the chemical chaperones 4-phenylbutyric acid (PBA) and
tauroursodeoxycholic acid (TUDCA) attenuated the stress
response and improved EDR and cardiac damage with a de-
crease in the levels of apoptosis. Interestingly, the levels of
Nox4 were down-regulated, suggesting that Nox4 may have a
role in the ER stress response in these circumstances (45). It
should be noted that vascular dysfunction and cardiac dam-
age are well characterized in aorta and mesenteric resistance
vessels in hypertensive animal models and patients (45, 46,
75). It is worth noting that currently PBA and TUDCA are
approved for use in humans (18), and PBA also alleviated ER
stress response in the mice model of cardiac hypertrophy (81),
a known condition related to ER stress (72, 76). PBA is a low-
molecular-weight fatty acid and a nontoxic pharmacological
compound that has been found to have chaperone-like ac-
tivity. Its physiochemical properties enable it to stabilize
peptide structures, improving the luminal folding capacity
and traffic of aberrant proteins.

Increased renal Nox-derived ROS production and hyper-
tension is closely associated with kidney damage as illus-
trated by different models of hypertension induced by a high
salt diet in Dahl rats, deoxycorticosterone acetate (DOCA) salt
rats, and stroke-prone spontaneously hypertensive rat (SHR)
(14), or induced by AnglI (63). Nox2 and Nox4 are present in
the renal cortex, medulla, and renal vessels (66). A specific
Nox2 inhibitor (Nox2ds-tat) (21) normalizes ROS and
EDR with no change in blood pressure (116). The role of Nox-
mediating ER stress in these models of renal dysfunction re-
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mains to be explored, but Nox2 was shown to be associated
with ER-stress-induced apoptosis in the kidney (50). Thus,
Nox2 may be a prominent link between ER stress and vascular
and renal dysfunction in hypertension. The possibility that
Nox4 association with ER stress is linked to renal dysfunction
remains to be addressed.

ER Stress and Nox in IR and Diabetes

Hypertension also occurs as a part of the metabolic syn-
drome, which includes IR, type 2 diabetes, and obesity (16,
71). They share common pathogenic mechanisms (80, 90), and
have causal roles in hypertension through the direct effects of
hyperglycaemia, hyperlipidaemia, and hyperinsulinaemia,
leading to vascular dysfunction (17, 95). Both ER stress and
ROS production initiate IR, diabetes, and obesity (18, 30, 31,
73, 74), which go on to have direct effects on the peripheral
vasculature and result in hypertension. To our knowledge,
there are no studies examining the direct links between ER
stress, ROS production, and hypertension in the context of
metabolic syndrome. Therefore, what follows is an overview
of the known mechanisms that are thought to underlie the link
between the ER, ROS (with a focus on Nox-related ROS), and
components of the metabolic syndrome.

ER stress, ROS, and pancreatic [3-cell dysfunction

ROS has been associated with contributing to ER-stress-
induced f-cell failure. There is evidence from in vivo models
that CHOP may promote apoptosis via oxidative stress. H,O,
can act upstream of ER stress by inducing CHOP-mediated
p-cell failure (3). ROS may also act downstream of ER stress.
p-cells from CHOP-deficient diabetic mice were more resis-
tant to oxidative stress (94). In addition, using a mouse model
deficient in phosphorylated elF2«, the same authors demon-
strated that f-cells exhibited increased apoptosis and oxida-
tive stress, which was attributed to the accumulation of
unfolded protein with subsequent downstream ROS pro-
duction and apoptosis (4). Giving these mice the antioxidant
butylated hydroxyanisole reduced f-cell apoptosis and im-
proved glucose homeostasis. Therefore, oxidative stress can
act either upstream or downstream of the ER to initiate f-cell
dysfunction. In the studies mentioned earlier, it is argued
that ROS is generated through the UPR (Erol-PDI system
discussed in the introduction). More recently, a study has
directly addressed the question of ROS source implicating
Nox-related ROS in ER stress and f-cell dysfunction (51).
Moreover, crossing the Akita mouse [a model of Chop-
dependent ER stress-induced f-cell dysfunction leading to
type 1 diabetes (107)] into a p47phox null background re-
sulted in improvement in diabetes and f-cell function. Indeed,
in non-diabetic p47phox knock-out mice, glucose tolerance
was found to be better compared with their wild-type litter-
mates and was independent of any effect on insulin sensitiv-
ity, thus suggesting that Nox-ROS is contributing to f-cell
dysfunction caused by ER stress.

ER stress, ROS, and adipocyte dysfunction

It has been shown that ROS-mediated ER stress can initiate
IR in adipocytes. In 3T3-L1 adipocytes [which are known to
express Nox2 and Nox4 (8)], exposure to chronic insulin to
mimic a hyperinsulinaemic state attenuated the phosphory-
lation of the insulin receptor and downstream targets such as
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Akt, GSK-3f, and p70S6K, which could be restored with
N-acetyl-cysteine (NAC) treatment (32). In addition, super-
oxide and H,O, generation were increased (as measured by
DHE and CM-dichloro fluorescence (DCF) respectively), an
effect attenuated by NAC. DPI treatment could also reduce
free radical formation (as assessed by electron paramagnetic
resonance spin trapping). In addition, treatment with NAC,
SOD, catalase, or DPI could restore glucose uptake. Im-
portantly, Grp78 and phosphorylated elF2x were increased
with chronic insulin exposure, which could be inhibited by
NAC treatment. J]NK activation was also reversed by NAC. In
another study involving 3T3-L1 adipocytes exposed to ad-
vanced oxidation protein products (which accumulate in di-
abetes and obesity), it was shown that insulin-stimulated
glucose uptake and Akt phosphorylation were reduced. ROS
generation (assessed using intracellular fluoroprobe DCF)
was increased and was prevented by DPI and apocynin
but not with other ROS-source inhibitors, including rotenone,
Ng-Nitro-L-arginine methyl ester hydrochloride (L-NAME),
or allopurinol. Advanced oxidation protein products also
led to increased phosphorylation of p47phox and its associa-
tion with p22phox as well as increased Nox expression. In
addition, DPI or apocynin were capable of abolishing the
phosphorylation of PERK, elF2«, IRE1, and JNK and Grp78
over-expression. They further go on to show that the activa-
tion of inflammation through phosphorlyation of NF-KB and
overexpression of NF-KB and IL-6 were dependent on Noxs
and ER stress (117). Another in vitro study has implicated ROS
production in leading to ER stress and autophagy in a model
of inflammation-induced adipogenesis (112). Data on adipose
tissue involvement in IR and obesity are limited to in vitro
studies, but point toward a role for Nox-mediated ROS in ER
stress-induced metabolic disturbance. Altogether, these re-
sults are suggestive of a role for adipose tissue Nox in ROS
generation during diabetes and obesity.

ER stress, ROS, and hepatocyte dysfunction

In Zucker obese fatty (ZOF) rats, hepatic steatosis and
IR could be improved with ezetimibe treatment (which in-
hibits the cholesterol transporter, Niemann-Pick Cl-like 1)
(70). ZOF rats treated with ezetimibe showed reduced DHE-
fluorescence as well as decreased phosphorylation of JNK and
p38. A high fat diet fed ZOF rat liver had increased mRNA
expression of Nox components p47phox and p67phox, which
were inhibited by ezetimibe. PERK, ATF6, and CHOP were
also down-regulated by ezetimibe treatment. Inn vitro studies
using human primary hepatocytes treated with free choles-
terol (co-administered with tumor necrosis factor or Lipopo-
lysaccharide to mimic steatosis) showed that ezetimibe could
restore insulin sensitivity (as assessed by Akt phosphoryla-
tion). Ezetimibe also caused a decrease in DHE fluorescence
and down-regulation of the mRNA for subunits p47phox
and p67phox. They also showed that ezetimibe reduced JNK
and p38 activation. Cholesterol-treated hepatocytes had up-
regulation of mRNA for PERK, ATF6, and CHOP, but to a
lesser degree. However, to show that there was a direct in-
volvement of Nox and ER stress due to cholesterol uptake via
NPC1L1, it was knocked down in steatotic hepatic HuH?7 cells
using shRNA. This was able to not only reduce cholesterol
accumulation but also increase Akt phosphorylation and
reduce PERK, ATF6, and CHOP mRNA as well as reduce
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DHE-fluorescence and mRNA of p47phox and p67phox.
These results, therefore, suggest that hepatic steatosis results
in decreased insulin sensitivity that is associated with Nox2-
derived ROS and ER stress. However, they fall short of
demonstrating whether ROS was linked upstream or down-
stream to ER stress. In summary, ER stress can indirectly
cause hypertension through IR, diabetes, and obesity, in
which Nox-derived ROS can exert its effects upstream and
downstream of the ER stress response (Fig. 5).

Conclusions

In this article, we have reviewed the main cellular and
pathological pathways that are involved in the Nox-derived
ROS production during ER stress. Nox2 and Nox4 isoforms
are particularly involved in the modulation of the ER stress
response, and various cellular signaling pathways that are
associated with the UPR cascade are gradually being identi-
fied. Nox2 seems to have a role in inducing apoptosis (e.g., ER
stress-CHOP-CaMKII-Nox activation-cell death) in response
to ER stress with a role in atherosclerosis (Fig. 4). The role of
Nox4 is less clear, but it appears to be protective in some
settings, although the molecular mechanisms remain to be
defined. It is important to note that the UPR evoked by ER
stress can be adaptive as well as detrimental (Fig. 3). There is
accumulating evidence supporting a role of ER stress and
UPR in the pathophysiology of cardiac hypertrophy, IR and
diabetes, and a more direct role in hypertension still needs to
be better defined. Future work in the field needs to address
several key aspects, which include (i) compartment-specific
Nox regulation and signaling events in the settings of ER
stress; (ii) mechanisms that regulate Nox-derived ROS inte-
grated with ER function and ER stress (or the UPR); (iii)
the detrimental and/or protective roles of specific antioxi-
dants in ER stress, and the opposite, the impact of chemical
chaperones (e.g., TUDCA and PBA) in Nox-derived signaling
regulation; and thus (iv) the identification of key molecular
mechanisms that could be therapeutically targeted. A better
understanding of this complex regulatory system may allow
the development of more specific therapeutic strategies for
hypertension and its associated cardiovascular conditions.
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DHE-HPLC = dihydroethidium-high performance liquid

Abbreviations Used

ATF4 = transmembrane transcription factor-4
CAMKII = Ca*"/ calmodulin-dependent protein kinases II
CHOP =CCAAT/enhancer binding protein
CO = cardiac output
DCF = dichloro fluorescence

chromatography
DPI = diphenylene iodonium
EDR = endothelium dependent relaxation
elF20 = eukaryotic initiation factor2, subunit alpha
EPR = electron paramagnetic resonance
ER = endoplasmic reticulum
ERAD = ER-associated protein degradation
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GPCR = G-protein-coupled receptor
Hif = hypoxia-inducible factor
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Abbreviations Used (Cont.)

PrxIV = peroxiredoxin IV
ROS =reactive oxygen species
SERCA = sarcoplasmic reticulum calcium ATPase
SOD = superoxide dismutase
TGEp1 = transforming growth factor beta 1

TNFo = tumor necrosis factor alfa
TPR = total peripheral resistance
TUDCA = tauroursodeoxycholic acid
UPR =unfolded protein response
XBP1 =X-box binding protein-1
ZOF = Zucker obese fatty




