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Abstract

The endoplasmic reticulum (ER) produces the vast majority of all proteins secreted into the
extracellular space, including hormones and cytokines, as well as cell surface receptors and other
proteins which interact with the environment. Accordingly, this organelle controls essentially all
vital links to a cell’s external milieu, responding to systemic metabolic, inflammatory, endocrine,
and mechanical stimuli. The central role the ER plays in meeting protein synthetic and quality
control requirements in the face of such demands is matched by an extensive and versatile ER
stress response signaling network. ROS mediate several critical aspects of this response. Nox4, an
ER resident capable of producing ROS, acts as a proximal signaling intermediate to transduce ER
stress-related conditions to the unfolded protein response, a homeostatic corrective mechanism.
However, chronic ER stress caused by unrelenting internal or external demands produces a
secondary rise in ROS, generally resulting in cell death. Sorting out the involvement of ROS at
different levels of the ER stress response in specific cell types is key to understanding the
molecular basis for chronic diseases such as atherosclerosis, hypertension, and diabetes. Here, we
provide an overview of ER stress signaling with an emphasis on the role of ROS.
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Introduction

Even at repose, the human body is constantly subjected to a variety of biochemical and
biomechanical stresses. Thus, a complex and interlocked series of cellular response
mechanisms has evolved to cope with the daily stresses of life. Not surprisingly, the
molecular basis for a number of diseases such as atherosclerosis, diabetes, and
neurodegeneration can be traced to the failure of these response pathways to rectify such
stresses. Interestingly, the ER, best known as a protein synthesis organelle, is now
recognized as a principal organizer of cellular stress response pathways, and is consequently
the focus of much work in these chronic diseases. This functional arrangement in part stems
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from the sensitivity of de novo protein translation, folding, and post-translational
modifications to optimal intracellular conditions; therefore, the ER reacts to any
perturbations which compromise the integrity of this process. It has also become clear that
the different arms of the ER stress pathways can differentially respond to specific cellular
stressors independent of protein misfolding, increasing the biological versatility of ER-based
pathways in stress response.

A unique characteristic of the ER is its luminal redox tension. Since the vast majority of
proteins translated within the ER lumen are destined for secretion or to span the plasma
membrane and extend into the extracellular space, the ER must post-translationally modify
proteins to function outside of the cell. Thus, the ER interior mimics the relatively oxidized
extracellular environment and promotes crosslinking of sulfhydryl groups to form disulfides
that would not survive the reduced cytosol. Accurate titration and strict
compartmentalization of the oxidized intraluminal environment renders the ER sensitive to
perturbations in overall cellular redox status, so the ER responds rapidly to both energetic
and redox stresses. Perhaps related to this, the production of ROS has become an essential
part of the ER stress response. While seemingly counterproductive, such spatiotemporally-
directed ROS production is now recognized as a specific signal transduction mechanism for
many cellular functions. This response raises several key questions such as how do we, and
in fact, how does the ER, distinguish such ROS signaling from oxidative stress, and how
does it distinguish each of these from normal oxidation reactions within the ER? More
importantly, which ER mechanisms go awry in cardiovascular and metabolic diseases, and
how do ROS affect disease progression?

The unfolded protein response

ER stress is generally defined as the accumulation of misfolded client proteins within the ER
lumen, which itself is difficult to measure and quantify. ER stress is therefore most
commonly inferred by activation of the unfolded protein response (UPR). At the outset, it
should be recognized that using the UPR as a surrogate measure of ER stress has significant
limitations, especially when various arms of the UPR are asymmetrically activated or
disabled. In addition, interventions which attenuate the UPR do not necessarily reduce ER
stress, and specific pathways associated with ER stress can be coopted by other stress-
related stimuli. Thus, different arms of the UPR may move in parallel to or independent of
ER stress itself. However, a basic understanding of the UPR is required to study ER stress
and its role in human disease.

Under normal conditions, the intraluminal domains of the three canonical UPR sensors
PERK (PKR-like eukaryatic initiating factor a kinase), ATF6 (activating transcription
factor-6), and IRE1 (inositol requiring enzyme 1) are capped by the chaperone BiP/GRP78
and rendered inactive. Only properly folded proteins are allowed to enter ER exit vesicles
and leave the ER; consequently, when excessive synthetic demands or suboptimal processing
conditions prevail, misfolded client proteins accumulate in the ER and titrate BiP away from
these sensors, signaling ER stress. The dissociation of BiP allows oligomerization of PERK
and IRE1 and translocation of ATF6 to the Golgi, collectively initiating the classical
tripartite UPR (Figure 1). Mammals express ten known ER stress sensors: IREla, IRE1p,
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PERK, ATF6a, ATF6, and five other ATF6-like ER membrane-bound transcription factor
proproteins (OASIS, BBF2H7, Luman, CREBH, and Tisp40). The large number of stress
sensors reflects the evolutionary importance of ER stress and complexity of the cellular
response.

The oldest branch of the UPR is IREL, a serine/threonine kinase conserved from yeast to
humans. Upon release of BiP, IRE1 homodimerizes and transphosphorylates, revealing its C-
terminal endoribonuclease domain. Yeast Irel appears to be capable of directly binding
misfolded proteins as well as BiP (Kimata et al. 2004), and its autophosphorylation is
dispensable for mRNA splicing but may delay signal termination (Chawla et al. 2011). The
IRE1 endoribonuclease domain specifically recognizes and cleaves a 26-base fragment from
the XBP1 mRNA transcript (HACZ in yeast), resulting in an altered translational product,
XBP1s. XBP1s in turn acts as a transcription factor which recognizes ER stress-response
elements in the promoter regions of genes encoding chaperones such as BiP and proteins
involved in ER biogenesis, secretory function, and the degradation of damaged proteins. The
latter function primarily entails the exportation of misfolded proteins from the ER into the
cytosol, recognition and ubiquitination of these proteins, and proteasomal degradation, in
total the process of ERAD (ER-associated protein degradation). IRE1 is thought to cleave
additional mMRNAs targeted to the ER as well as the 28S ribosomal subunit, thus decreasing
global protein translation (Iwawaki et al. 2001, Hollien and Weissman 2006). Interestingly,
TRAF2 is also recruited to IRE1 through JIK (JNK inhibitory kinase), triggering activation
of the ASK1/INK pathway. The highly conserved IRE1 sensor thus links ER stress with
other stress response pathways, a recurrent paradigm in ER biology.

Like IRE1, PERK is an ER resident type | transmembrane serine/threonine kinase that
homodimerizes and autophosphorylates upon release of intraluminal BiP. Phosphorylation of
its key substrate, the translation initiation factor elF2a, converts it into a competitor of
elF2B which broadly suppresses translation to alleviate protein folding and processing
demands within the ER. Simultaneously, elF2a phosphorylation also selectively increases
translation of the transcription factor ATF4, which transactivates amino acid transporter and
redox control genes (Harding et al. 2000). Because of its latter activity, the PERK pathway is
most closely tied to oxidative stress and signaling, as discussed below. ATF4 also
upregulates GADD34, a stress response phosphatase cofactor that promotes
dephosphorylation elF2a and translational recovery (Figure 1).

ATF6 represents the third family of ER stress sensors. While mammals express seven ATF6
paralogs, ATF6a and ATF6 are best studied. Dissociation of BiP from ATF6 exposes two
Golgi localization signals, causing ATF6 translocation to the Golgi. Notably, reduction of
disulfides on the luminal surface of ATF6, normally held in an oxidatively cross-linked state,
is also required for Golgi translocation (Nadanaka et al. 2007). Thus ATF6 can directly
respond to abnormally reducing conditions within the ER, which is thought to be a unifying
biochemical feature of ER stress (Merksamer et al. 2008). Following Golgi translocation,
ATF6 is cleaved by regulated intramembrane proteolysis (RIP) by the Golgi resident
proteases S1P and S2P to release its 50 kDa cytosolic domain as a functioning bZIP
transcription factor. The targets of this factor include genes which promote ER maintenance,
protein folding, and post-translational modification such as the chaperones BiP and Grp94,
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and cysteine cross-linker PDI (protein disulfide-isomerase) (Figure 1). Of the three
pathways, ATF6 target genes are perhaps the most focused on maintenance of ER
homeostasis.

Intersection of the UPR with other stress pathways

An important concept uncovered in recent years has been the appreciation that different
sensors and effector pathways of the UPR respond differentially to a variety of perturbations
and cellular stresses which do not directly compromise protein quality; thus, the constituents
of the “unfolded protein response” are not necessarily restricted to responding to unfolded
proteins. The fact that other stresses coopt UPR pathways generalizes the importance of ER
signaling and establishes the ER as an important organelle that integrates a number of other
cellular stress responses. The apparent complexity and redundancy of mammalian UPR
pathways may in fact reflect the evolution of an efficient and versatile stress response
system. Notwithstanding, the activation of certain UPR proteins cannot always be taken as
evidence of ER stress, an important concept to consider when studying ER stress signaling.

An example of a highly specified function for ER signaling occurs during the development
of sheath cells in Medaka fish, which produce collagen 1. As opposed to type VIII collagen,
which has recurring flexible hinge regions, collagen Il is assembled in the ER as a rigid
300-400 nm rod unable to fit into the standard 60-80 nm COPII vesicle. Specific activation
of the ER sensors ATF6 and its paralog BBF2H7 induces a complete set of genes required to
enlarge COPII vesicles and permit its exportation (Ishikawa et al. 2017). In this case, a
subset of the UPR is employed to handle a large but native, properly folded protein.

A more general example of the versatility of UPR pathways is seen in the various roles of
elF2a in different cellular stresses (Figure 2). Four kinases can phosphorylate elF2a at
Ser51, only one of which, PERK, is an ER resident responding to unfolded proteins, while
the other three kinases primarily respond to environmental stresses. PKR (protein kinase R)
is activated by double-stranded RNA and therefore has a prominent role in innate immunity.
Notably, by activating elF2a, PKR inhibits viral replication by suppressing global mRNA
translation, and in addition activates inflammatory signaling (Williams 2001). Thus, the
cellular objectives to rectify ER stress and viral infection overlap extensively and in fact are
triggered through the common use of elF2a. Similarly, GCN2 (general control non-
derepressible 2) is an elF2a kinase that responds to amino acid deprivation, and thus uses
elF2a to limit protein synthesis and adapt to a nutrient-deficient environment (Dalet et al.
2015). Finally, HRI (heme-regulated inhibitor) is a kinase activated under heme-deficient
conditions, and limits protein synthesis such as globin in red cells, through elF2a. Its
function is more broad as reflected in yeast, which respond to environmental stresses such as
heat shock and arsenic through HRI/elF2a to induce chaperone production (Zhan et al.
2002). Together, these four kinases mediate an “integrated stress response” through the
common use of elF2a. (Harding et al. 2003), responding to stresses which may or may not
include misfolded proteins. Of relevance to this discussion, the integrated stress response is
also activated in the presence of oxidative stress, as discussed below (Figure 2).
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In part because the different arms of the UPR serve different cellular functions, its
downstream pathways are also intricately linked to broad processes such as inflammation.
ER stress is known to increase the synthesis and release of inflammatory cytokines, in large
part through the activation of NF-xB and JNK. The principal ER sensor responsible for
inflammatory signaling appears to be IRE1la., which assembles a JIK/TRAF2 complex on its
cytosolic face to recruit and activate JINK and IKKp (Urano et al. 2000, Hu et al. 2006).
IREla also is required for TLR2 and TLR4 signaling in macrophages. In these cells,
deletion of XBP1 blocks the production of specific cytokines, including IL-6, TNFa and
IFNB, induced by receptor activation or infection with M. tuberculosis, L. monocytogenes,
or £, tularensis (Martinon et al. 2010). Additionally, the PERK-elF2a arm may contribute to
NF-xB activation through noncanonical IxB degradation (Deng et al. 2004). This pathway
also serves to activate NF-xB in response to non-ER stressors. Amino acid starvation of
MEFs, for instance, initiates phosphorylation of elF2a through GCN2, causing release of
IxB and activation of an NF-xB-dependent survival program (Jiang et al. 2003).
Additionally, exposure of macrophages to double stranded RNA or infection with E. coli or
S. typhimurium activates PKR, which directly associates with several inflammasomes
including the NLR family pyrin domain-containing 3 (NLRP3) inflammasome to express
and release HMGB1, IL-1p, and IL-18 (Lu et al. 2012). Finally, the ATF6-like ER sensor
CREBH, expressed in hepatocytes, responds to inflammatory signals by releasing its
transcriptionally active cytosolic domain to upregulate C-reactive protein and other acute
phase proteins (Zhang et al. 2006). Thus, all three arms of the UPR mediate inflammatory
signaling to some extent.

ROS signaling versus oxidative stress in the ER

The overlap between physiologic protein sulfhydryl oxidation, ER stress, inflammation, and
oxidative stress can make the involvement of ROS as ER-specific signaling agents difficult
to recognize. In part, this difficulty stems from the fact that oxidative stress itself is poorly
defined in biochemical terms. The presence or detection of ROS or oxidized byproducts
does not necessarily imply oxidative stress, as these chemicals can be detected in normal
states and can increase in response to other stresses. A more useful working definition of
stress may be a force that imposes a biochemical or biophysical perturbation which requires
homeostatic correction to preserve physiologic function. Consequently, all vital functions of
the cell such as energy management, chromatin integrity, protein synthesis, and osmotic
regulation are governed by signaling pathways which respond to stress-induced
perturbations by rectifying deviations from the normal state. ROS produced as part of such a
response to perturbations, acting primarily to restore homeostasis, can be considered part of
cellular stress signaling.

As we discuss in the context of specific diseases, however, a recurring theme in the study of
stress response biology is that the onset of cellular stress starts a poorly understood timer of
sorts (Figure 3). Persistent, inescapable stress heralds a defective or rogue cell and triggers a
delayed apoptotic response to protect the organism at the cell’s expense, although this often
ultimately worsens disease. Genomic damage, for instance, induces p53-dependent cell
cycle arrest to permit DNA repair; however, prolonged damage leads to p53-dependent
apoptosis, shifting p53 from homeostatic stress responder to executioner. In the ER, mutant
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rhodopsin in retinal epithelium or unrelenting demands for insulin in pancreatic § cells lead
to unmitigated ER stress and cell death in retinitis pigmentosa and type |l diabetes,
respectively (Walter and Ron 2011). Thus, mechanisms that evolved to serve adaptive
purposes, including the activation of specific ROS signaling pathways, can sometimes be
shown to facilitate downstream cell death and organ dysfunction in the face of chronic ER
stress, leading to disease states. The timing, location, and biochemical consequences of early
ROS-dependent signaling and late ROS-dependent execution should therefore be
distinguished.

More specifically, a number of studies indicate that in response to ER stress, ROS are also
produced downstream of and as a consequence of the UPR, leading to cell death (Figure 3).
This secondary increase in ROS is conserved in yeast, worms, and mammals (Harding et al.
2003, Haynes et al. 2004, Marciniak et al. 2004). Deletion of erv29, a gene required for
ERAD, causes persistent ER stress and ROS-dependent cell death in S. cerevisiae, whereas
suppression of the UPR by co-deletion of erv29and Jjrel or hacl (the yeast XBP1 gene)
blocks both ROS accumulation and cell death despite ongoing ER stress (Haynes et al.
2004). Mammalian cells respond to ER stress induced by tunicamycin, thapsigargin, or
amino acid starvation by activation of the PERK/elF2a pathway, not present in yeast, which
mitigates subsequent oxidative stress through upregulation of antioxidant genes. Of note,
deletion of Perk or Atf4in mouse embryonic fibroblasts leads to a sustained induction of
ROS following treatment with ER stressors, leading to cell death (Harding et al. 2003). The
PERK/elF2a arm of the UPR may therefore have evolved in part to anticipate and mitigate
this late oxidant increase.

The enzymatic source of this secondary rise in ROS is unclear, though most studies
implicate either the ER itself or mitochondria. ERO1 (ER oxidase 1) is induced following
persistent ER stress and has been implicated in the generation of ROS within the ER. ERO1
is a flavoprotein that uses O, as an electron acceptor to oxidize PDI (protein disulfide
isomerase), a thioredoxin-like intermediary that shuttles electrons from reduced protein
sulfhydryls to ERO1. The yeast ortholog Erolp contains seven conserved cysteine residues
which, along with its flavin cofactor, are thought to participate in electron transfer by acting
as a capacitor (Tu and Weissman 2004). Each FAD-bound Erolp molecule can therefore
support multiple rounds of PDI oxidation, permitting either two or four-electron reduction of
05, to either H,0, or H,0, respectively. Purified Erolp, in the presence of O, and reduced
bacterial thioredoxin, produces near stoichiometric amounts of H,O, in vitro, demonstrating
its ability to generate ROS under specific reducing conditions (Gross et al. 2006). However,
in a more physiologic reaction, purified Erolp coupled with PDI caused oxidation of target
RNaseA sulfhydryl groups that produced only ~1 molecule of H,O, per 20 disulfides
formed, indicating its ability to perform oxidative reactions without quantitative H,0,
production (Tu and Weissman 2002).

To monitor actual H,O, levels within intact ER in live cells, the ratiometric fluorochrome
HyPer has been used. This probe contains a redox active sulfhydryl pair buried within a
narrow cleft accessible only to H,0, (Belousov et al. 2006). Surprisingly, HyPer targeted to
different subcellular compartments of HeLa cells revealed H,O, levels highest in the ER,
with fluorescence ratios twice that seen in mitochondria (Enyedi et al. 2010). Knockdown of
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ERO1-La (one of two human isoforms) or expression of a dominant negative ERO1-C394S
significantly reduced ER luminal HyPer ratios, indicating a high basal level of H,O, within
the ER of HeLa cells. In contrast, primary human endothelial cells report low HyPer ratios
in the ER lumen, only modestly higher than that of the cytoplasm and significantly lower
than mitochondria under unstressed conditions (Wu et al. 2010). The reason for this
difference in measured ER H,05, levels in these two studies is unclear, but may relate to a
difference between normal and transformed cancer cells such as HelL a, as the latter possess
constitutively deregulated metabolic and proliferative requirements that chronically stress
the ER.

Mitochondria represent an alternative source for ROS during prolonged ER stress, in large
part due to altered calcium homeostasis. Release of calcium from ER stores occurs during
ER stress, which is thought to be efficiently taken up by mitochondria at focal points of
contact between the two organelles. As much as 20% of the mitochondrial surface is in
direct contact with the ER through specific protein tethers, and release of calcium from the
stressed ER can result in focal intramitochondrial calcium spikes of 10 uM or more by
uptake of calcium through mitochondrial outer membrane microdomains enriched with
VDACL1 (voltage-dependent anion selective channel protein 1) and across the inner
membrane through MCU (mitochondrial calcium uniporter) (de Brito and Scorrano 2010).
Resultant mitochondrial depolarization disrupts electron transport function and increases
ROS (Figure 3).

In the stressed ER, available data suggest that both the ER and mitochondria may contribute
to arise in ROS levels. Late in ER stress, the transcription factor CHOP is induced, leading
to increased expression of £RO1a. However, knockdown of EROl1a or expression of
interfering alleles in mammalian cells does not alter ER redox conditions during ER stress
(Marciniak et al. 2004). Further, p fibroblasts deficient in mitochondrial respiration show
decreased ROS production and cell death in response to tunicamycin, implicating
mitochondria as a significant source of ROS (Cullinan and Diehl 2004). In contrast,
knockdown of the sole C. elegans Erol gene improves late survival and decreases ROS
production stimulated by tunicamycin (Harding et al. 2003, Marciniak et al. 2004). ROS
production in this model is significantly reduced by knockdown of ero-1 as well as
interference with mitochondrial respiration (Harding et al. 2003). Overexpression of Erolp
in yeast causes increases in ROS levels, but mitochondria-defective pO cells have decreased
ROS under conditions of ER stress caused by the expression of mutant misfolded proteins,
again suggesting dual sources for ROS late in ER stress (Haynes et al. 2004)(Figure 3).

Putting these studies together, it seems probable that in normal cells under unstressed
conditions, ER intraluminal redox status is kept in an oxidized state through PDI-dependent
sulfhydryl oxidation with low basal H,O, generation. Under these conditions, physiologic
protein folding and disulfide formation would be driven largely by oxidized PDI and not by
the less specific actions of H,O,. Indeed, the addition of catalase in vitro to the Erolp-PDI
redox pair has no effect on target protein sulfhydryl oxidation (Tu and Weissman 2002). In
contrast, a pathologically stressed ER features a hyper-reduced environment with high,
induced levels of ERO1, potentially shifting redox coupling from four to two-electron
reduction of O, by EROL to create significant amounts of H,0, instead of H,O. While as

Mol Aspects Med. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ochoa et al.

Page 8

yet unproven, this scenario would explain divergent results seen in normal versus pathologic
conditions.

The converse scenario in which oxidative stress commonly causes ER stress (as opposed to
UPR activation) is widely cited but less well supported. A detailed study of ER stress
employed eroGFP, an ER-targeted mutant GFP with a highly exposed cysteine pair, to
monitor oxidation state within the ER lumen of yeast (Merksamer et al. 2008). This probe
does not report ROS, but rather the redox environment as reflected in reduced-to-oxidized
sulfhydryl ratios. Under unstressed conditions, eroGFP was completely oxidized, reflecting
the highly oxidized ER interior. As expected, the sulfhydryl reducing agent DTT
(dithiothreitol), known to induce ER stress through disruption of cysteine cross links, caused
reduction of the ER interior and activation of the UPR. Surprisingly, the glycosylation
inhibitor tunicamycin, also known to induce severe ER stress but not directly through redox
alterations, also caused a reduced ER interior in association with UPR activation. Milder,
physiologic ER stressors such as inositol deprivation and forced expression of mutant
secretory proteins caused UPR activation with preserved ER oxidation states; however,
genetic disabling of the UPR unmasked ER hyper-reduction in response to mutant misfolded
proteins, reflecting the role of the UPR in maintaining an oxidized ER interior (Merksamer
et al. 2008). Importantly, diverse ER stressors therefore result in a reduced rather than
oxidized ER environment. While the yeast UPR is restricted to the IRE1 pathway,
mammalian ATF6 requires reduction of its lumen-facing cysteines for Golgi transport and
proteolytic activation (Nadanaka et al. 2007), consistent with reductive stress as a final
common pathway for ER stress.

Interestingly, inositol deprivation of jreZ-deleted yeast reveals two distinct subpopulations of
yeast based on ER redox state. Yeast continue to divide at a low rate despite starvation, and
lineage tracing demonstrates that mother cells display a strongly reduced ER lumen in
response to ER stress, whereas daughter cells are able to maintain an oxidized ER potential,
reflecting a loss of compensatory mechanisms with age (Merksamer et al. 2008). Similarly,
the worm C. elegans, when forced to express various aggregation-prone proteins, develops a
reduced ER interior and activates the UPR (Kirstein et al. 2015); however, even in the
absence of this proteotoxic stress, as worms age and naturally accumulate protein
aggregates, the ER becomes more reduced while the cytosol becomes more oxidized. These
findings reflect the loss of ability to maintain strict redox compartmentalization within the
aging cell (Kirstein et al. 2015). Together, these studies suggest a complex relationship
between ER and redox homeostasis, but consistently link ER intraluminal reductive rather
than oxidative stress with the early phases of ER stress.

While oxidative stress may not commonly act upstream of ER stress, it clearly can activate
parts of the UPR. Of the three canonical branches, the PERK/elF2a pathway is most
strongly linked to oxidative stress. Exogenous H,O, or organic oxidants such as t-butyl
hydroperoxide, menadione, or diamide cause phosphorylation of elF2a, inducing ATF4 and
the integrated stress response (Brostrom et al. 1996, Liu et al. 2008). Interestingly, it is not
clear whether PERK or any other upstream kinases are involved in this phosphorylation
event. Downstream targets of PERK/elF2a and ATF4 include antioxidant-related genes, and
PERK activation also leads to dissociation of the antioxidant transcription factor Nrf2 from

Mol Aspects Med. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ochoa et al.

Page 9

its inhibitor Keapl, increasing cytosolic glutathione levels (Cullinan and Diehl 2004).
Tunicamycin treatment of Perk—/— MEFs causes an increase in ROS after 12 h of ER stress
compared to wild type cells treated with tunicamycin (Harding et al. 2003). Thus, the elF2a
pathway, mediating the integrated stress response, anticipates UPR-dependent late oxidative
stress in the context of ER stress, but is also co-opted for the induction of antioxidant genes
in order to respond to a primary oxidative attack from exogenous sources (Figure 2).
Overall, these studies indicate that ROS clearly lie upstream of specific parts of the UPR but
not necessarily upstream of ER stress. This scenario would suggest that ROS may also act in
a physiologic capacity between ER stress and the UPR, signaling at an early stage to rectify
ER dysfunction by activating the UPR (Figure 3). What specific mechanisms are involved in
this signaling pathway?

Nox4 and ER signaling

Clear evidence exists for the regulated production of ROS as part of the ER stress response.
This effect is best seen with Nox4, an ER resident and member of the NADPH oxidase
family. Like other Nox family members, Nox4 specifically produces ROS as its major
enzymatic product, reflecting its adaptive function as an ROS signaling protein. The human
Nox proteins are part of a highly conserved family of NADPH oxidases, thought to mediate
the response to environmental stresses such as nutrient deprivation in some of the simplest
organisms such as filamentous fungi and the social amoeba Dictyostelium (Terada 2006).
The earliest Nox protein, Ynolp (yeast NADPH oxidase 1p) was recently identified in the
unicellular eukaryote S. cerevisiae (Rinnerthaler et al. 2012). Interestingly, Ynolp is found
exclusively associated with the ER, where it responds to mitochondrial respiratory
dysfunction (Leadsham et al. 2013). Thus, Nox-dependent ROS signaling may have its
evolutionary origins responding to stress from its location on the ER.

Mammalian models of Nox4 deletion have been well studied, and all mouse models show
normal development and physiology with no known phenotype unless the animal is stressed
(Zhang et al. 2010, Schroder et al. 2012, Schurmann et al. 2015, Gray et al. 2016). In
addition, the majority of studies indicate a deterioration of function with loss of Nox4,
consistent with its primary role in homeostatic stress response. Several studies have shed
light on the mechanism of Nox4’s involvement in ER signaling. In vascular endothelial
cells, both tagged and endogenous Nox4 appear to be largely associated with the ER using
biochemical fractionation, live cell imaging, and immunoelectron microscopy (Chen et al.
2008, Wu et al. 2010). Nox4-derived ROS oxidatively inactivates another ER resident, the
tyrosine phosphatase PTP1B, which is thought to be a late regulator of EGFR signaling
following receptor endocytosis and delivery to a dephosphorylation site within the ER (Chen
et al. 2008). Using isoform specific knockdowns, Nox4 but not Nox2 was shown to prolong
EGFR-dependent ERK signaling through PTP1B inactivation (Chen et al. 2008).

By monitoring HyPer targeted to the ER, Nox4 has been shown to mediate ER H,0,
production in response to tunicamycin and the ER stressor HIVV1 Tat, but not to thapsigargin
or DTT, reflecting an interesting ability to distinguish between different ER stressors (Wu et
al. 2010). Here, ER-directed HyPer clearly shows elevations in HyO5 restricted to the ER
lumen, at times displaying focal increases in ROS at the ER endomembrane where Nox4
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resides (Figure 4). Again, selective knockdown studies implicate Nox4 but not Nox2 in the
ER stress response, with Nox2 instead accumulating on plasma membrane and endosomal
sites (Wu et al. 2010). Nox4 is required for phosphorylation of elF2a as well as IRE1-
dependent XBP1 splicing, thus initiating at least two of the three arms of the UPR (Wu et al.
2010). In cardiac cells, tunicamycin-induced ER stress increases Nox4, which associates
with GADD34 and its cofactor, the serine/threonine phosphatase PP1 (Santos et al. 2016).
Nox4-derived HoO5 oxidizes the catalytic metal center and inactivates PP1, promoting
elF2a phosphorylation. While this study highlights Nox4’s ability to participate in specific
ER stress-dependent signaling, it also suggests a potential mechanism for sensing
generalized oxidative stress through direct actions of ROS on elF2a phosphorylation that
then activates the integrated stress response (Figure 2). This mechanism may also account
for the ability of Nox4 to selectively activate the elF2a pathway in response to glucose
deprivation in vitro or myocardial ischemia in vivo (Sciarretta et al. 2013, Santos et al.
2016).

The effect of Nox4 on ER signaling is consistent with most subcellular fractionation,
immunofluorescence, immunoelectron microscopy, and tagged fusion protein studies, which
localize this oxidase on the ER endomembrane. It should be noted, however, that Nox4 has
also been detected in mitochondria and the nucleus of endothelial, vascular smooth muscle,
and cardiomyocyte cells (Kuroda et al. 2005, Matsushima et al. 2013). Interestingly,
immunoreactive nuclear-localized Nox4 was noted to represent a 28 kDa splice variant,
Nox4D, which lacks transmembrane domains (Anilkumar et al. 2013). Overexpression of
Nox4D causes DNA damage, although its physiologic effects remain unknown.

Unlike Nox2, Nox4 does not require Racl or Rac? as part of its active complex. However,
the Rho and Ras GTPase families are nonetheless intimately involved in Nox4 signaling. In
response to HIV1 Tat, RhoA is activated upstream of Nox4 (Wu et al. 2007). RhoA is
activated on the ER surface and mediates, through unclear mechanisms, local Nox4
activation (Wu et al. 2010). Notably, the worm Nox ortholog BLI-3 also requires Rhol/
RhoA for its activation, indicating a conserved functional association of Nox proteins with
Rho (Ewald et al. 2017). Downstream of Nox4, K-Ras is activated focally on the ER and
mediates broad activation of the UPR through ERK (Wu et al. 2010). ER stress-induced Ras
activation involves oxidative inactivation of the ER calcium transporter SERCA by Nox4-
dependent H,0,, which increases cytoplasmic calcium and triggers calcium-calmodulin
activation of RasGRF1 and RasGRF2 (Wu et al. 2017). These ER resident proteins
specifically act as Ras guanyl exchange factors, prompting GTP loading and thus activation
of Ras focally on the ER (Wu et al. 2017). Therefore, Nox4 is central to a signaling circuit
localized to the ER cytoplasmic surface which integrates RhoA, Ras, ROS, and calcium
signaling in the ER stress response (Figure 5).

In summary, Nox4 is an important signaling oxidase which is part of the ER stress detection
and response system. Subsequent activation of the UPR initiates corrective mechanisms but
also, in the face of prolonged and intractable ER stress, apoptotic pathways which also
prominently feature ROS production, likely generated by mitochondria and/or ERO1. With
this in mind, we examine the interplay between ROS and ER stress in specific disease states.
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Atherosclerosis

Abundant data link different pathways of the UPR with atherosclerosis, supporting a role for
ER stress in this disease (Table 1). In part, this may stem from the ability of the ER to
control many key lipogenic pathways. XBP1s, for example, has a role in
phosphatidylcholine synthesis and membrane expansion. Given the immense surface area of
the ER endomembrane, derangements in lipid metabolism or composition may impose a
significant stress on ER biogenesis or function. An important target cell for ER stress in this
regard is the macrophage, which is recruited to assist in the removal of excessive cholesterol
from vessel walls. BiP and CHOP expression is increased in thin-cap atheromas from human
coronary arteries, and BiP and CHOP induction and PERK phosphorylation occur in
macrophages in the early fatty streak lesions of Apoe-/— mice (Zhou et al. 2005, Myoishi et
al. 2007). Cholesterol transport into the ER membrane by the lipid chaperone aP2 triggers
the UPR and CHOP-dependent activation of inflammatory pathways (Makowski et al. 2001,
Li et al. 2005, Furuhashi et al. 2007, Thorp et al. 2009). Notably, Nox4 has not been shown
to signal ER stress in macrophages, which express low levels of this isoform; in contrast,
macrophages express high levels of Nox2, which promotes atherogenic rather than
protective events, emphasizing the diverse signaling roles Nox-dependent ROS serve (Li et
al. 2010).

ER stress also appears to occur in vascular wall cells, particularly the vascular endothelium.
Prior to the development of atherosclerosis, atheroprone regions of pig aorta that are
subjected to disturbed shear show gene expression profiles consistent with the UPR, with
activation of the IRE1a and ATF6 pathways in aortic endothelium (Civelek et al. 2009).
Likewise, BiP is induced in atheroprone regions of mouse aorta and in human endothelial
cells exposed to disturbed shear (Feaver et al. 2008). In mature human atherosclerotic
lesions, ATF4 is strongly induced in the endothelium over inflammatory areas and in
regional foam cell macrophages, in areas rich with oxidized lipids (Gargalovic et al. 2006).

Nox4, highly expressed by the endothelium, exerts primarily atheroprotective effects, likely
by promoting homeostatic UPR responses. Nox4 expression is reduced in diseased human
and mouse atherosclerotic plaques, and deletion of AMox4 in multiple atherosclerosis mouse
models accelerates atherogenesis (Schurmann et al. 2015, Gray et al. 2016). Endothelial-
specific overexpression of Nox4 reduces T effector cell recruitment into and development of
atherosclerotic lesions in Apoe-/- mice; conversely, endothelial-specific expression of a
dominant negative mutant Nox4 worsens atherosclerosis in this same model (Craige et al.
2015, Hu et al. 2017). Deletion or chemical inhibition of endothelial Nox4 increases
leukocyte adhesion, and overexpression/knockdown studies of Nox4 in human endothelium
also support its role in repressing inflammatory and profibrotic factors (Schurmann et al.
2015, Gray et al. 2016).

Besides mediating homeostatic correction of ER stress through the UPR, the protective
effects of Nox4 may also require induction of autophagy as an alternate method for
disposing of both damaged proteins as well as dysfunctional ER and mitochondria.
Autophagy in many if not most instances arises from a cradle of ER-derived lipids and thus
is commonly activated in response to ER stress (Ogata et al. 2006, Yorimitsu et al. 2006,
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Axe et al. 2008). While it is difficult to detect and monitor autophagy in humans, levels of
LC3-11, which correlate with the formation of autophagosomes, are increased in human
atherosclerotic plaques (Martinet and De Meyer 2009), and deletion of Atg7 promotes
neointima formation in a mouse model of injury/diet-induced atherosclerosis (Grootaert et
al. 2015). Nox4-dependent activation of Ras, restricted to the ER cytosolic surface as noted
above, is required for the initiation of autophagy following ER stress (Wu et al. 2010). This
activity appears to require the ability of ER-localized Ras to differentially activate ERK,
which promotes autophagy, but not the PI3K/mTOR pathway, which potently inhibits
autophagy. Autophagy in this context is protective, as chemical inhibition of autophagy or
Atg5 knockdown promotes ER stress-induced endothelial cell death (Wu et al. 2010). In
addition, knockdown of Nox4 blocks autophagy and aggravates cell death in VSMC
(vascular smooth muscle cells) treated with the oxidized lipid 7-ketocholesterol, whereas
activation of autophagy by rapamycin decreases ER stress, vascular cell apoptosis, and
atherosclerosis in Apoe—/— mice (He et al. 2013). In summary, by directing the UPR and
subsequent autophagic activity, Nox4 protects the vascular endothelium and preserves its
function in response to proatherogenic ER stress.

As a consequence of atherosclerotic coronary artery disease, myocardium can be subjected
to ischemic or ischemia-reperfusion (IR) injury, which appears to induce ER stress in part
because of the loss of integrity of the ER and possibly because of increased demands related
to reparative processes. Thus, the UPR is activated in both in vitro and ex vivo models. In
these models, ER stress is corrective. In cardiac myocytes, ATF6 knockdown or dominant
negative ATF6 blocks induction of the chaperone PiB and worsens myocyte death upon
reperfusion (Doroudgar et al. 2009). In isolated hearts, cardiomyocyte-restricted
overexpression of ATF6 also protects against reperfusion-induced necrosis, apoptosis, and
myocardial dysfunction (Martindale et al. 2006). Fifty minutes of ischemia, however,
induces Chop and causes reperfusion-induced inflammation and injury, and Chop deficient
hearts have markedly decreased myocardial injury and inflammation (Miyazaki et al. 2011),
indicating an injurious role for the UPR after a prolonged ischemic period.

The role of Nox proteins in IR injury may be isoform specific. Myocardial infarction size is
decreased in mice with NMoxI, NoxZ2, or NoxI and NoxZ2 deleted, but not in Nox4 deleted
mice (Braunersreuther et al. 2013). Interestingly, cardiac-specific expression of a dominant
negative Nox that antagonizes both Nox2 and Nox4 decreases ROS production and HIFla
levels but increases infarct size, suggesting a protective role for cardiomyocyte Nox4 and/or
Nox2 (Matsushima et al. 2013). Indeed, glucose deprivation in vitro activates the UPR and
autophagy through Nox4, and cardiac-specific Mox4 deletion increases infarct size after no
reflow ischemia (Sciarretta et al. 2013). In summary, existing studies are consistent with a
protective role for Nox4 in IR myocardial injury, working upstream of the UPR; however,
prolonged ischemia may induce UPR-induced cardiomyocyte death through CHOP.

Hypertension

ER stress has been strongly implicated in the CNS (central nervous system), pulmonary and
systemic vasculature, and heart in the pathogenesis of hypertension (Table 1). Infusion of
angiotensin 11 in mice, for instance, induces the UPR proteins BiP and CHOP in aortas,
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mesenteric arteries, and myocardium in response to hypertension (Kassan et al. 2012). Of
note, cotreatment with the chemical chaperones TUDCA (taurine-conjugated
ursodeoxycholic acid) or PBA (4-phenylbutyric acid) normalizes blood pressure, reduces
cardiomyocyte UPR activity and apoptosis, and restores endothelium-dependent relaxation
of muscular arteries, confirming a key pathogenic role for ER stress in hypertension (Kassan
et al. 2012). Angiotensin Il also causes hypertension through its effects on the CNS,
particularly the circumventricular SFO (subfornical organ), a forebrain structure unprotected
by the blood-brain barrier. Angiotensin Il induces severe morphologic ultrastructural
changes in the ER of the SFO with induction of the UPR, and systemic TUDCA or focal
adenoviral transduction of BiP in the SFO blocks the hypertensive response to angiotensin Il
after 10 d, demonstrating a role for ER stress in the CNS as well (Kassan et al. 2012). Focal
BiP transduction in the SFO also blocks an increase in ROS seen after 2 weeks of
angiotensin Il treatment, suggesting the late induction of ROS downstream of the UPR in
this model.

The role of Nox4 in responding to hypertensive ER stress appears to be cell-type specific.
Endothelium-specific overexpression of Nox4 reduces basal and angiotensin 1l1-dependent
increases in blood pressure and increases endothelium-dependent relaxation, whereas
antioxidants reverse these effects (Ray et al. 2011). However, global deletion of NMox4 has no
effect on the angiotensin ll-induced hypertensive response, although Nox4 increases eNOS
expression, preserves endothelium-dependent relaxation, and decreases inflammatory
signaling during angiotensin Il treatment (Schroder et al. 2012). These studies suggest that
endothelial Nox4 overall mitigates the vascular response to hypertension, although its link to
ER stress in endothelial cells during hypertension is not clear.

In VSMC by contrast, Nox4 and the UPR may worsen hypertension, particularly in the
pulmonary circulation. Viral infections and hypoxia, known triggers of ER stress, predispose
to pulmonary hypertension, and pulmonary arteries in patients with these conditions have
swollen and dysmorphic ER. The chemical chaperones TUDCA and PBA reduce pulmonary
artery pressures in mouse models of pulmonary hypertension, indicating a role for ER stress
(Dromparis et al. 2013). However, the response to chronic ER stress in VSMC promotes
survival rather than death through the UPR. Hypoxia, for instance, induces the ER structural
protein Nogo-B through ATF6 in pulmonary artery VSMC (Sutendra et al. 2011). Nogo-B
uncouples ER-mitochondria calcium exchange and thus decreases mitochondrial ROS and
apoptosis, resulting in VSMC survival and proliferation. In vivo, this proliferative response
results in medial expansion, arterial remodeling, narrowing of the vascular lumen, and
worsening of pulmonary vascular resistance, all of which are reversed by genetic deletion of
Nogo-A/B (Sutendra et al. 2011). Notably, Nox4 protein is increased in the vascular media
of humans with idiopathic pulmonary arterial hypertension and mice subjected to chronic
hypoxia, whereas knockdown of Nox4 in vitro decreases pulmonary artery VSMC
proliferation (Mittal et al. 2007). Together, these studies suggest that in pulmonary artery
VSMC, Nox4 may promote homeostatic pathways that allow the cell to survive and adapt to
ER stress while simultaneously worsening pulmonary hypertension because of active
vascular wall remodeling and expansion.
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Nox4 may play a similar role in cardiomyocytes, which are ontogenically related to VSMC.
Indeed, Nox4 is required for cardiomyocyte differentiation during cardiogenesis as well as
the maintenance of VSMC differentiation after injury (Li et al. 2006, Clempus et al. 2007).
Chronic systemic hypertension leads to heart failure, a condition marked by both
cardiomyocyte apoptosis and hypertrophy. Biopsies of the failing human heart show elevated
levels of the chaperones BiP and calreticulin and the transcription factor CHOP (Okada et al.
2004, Fu et al. 2010), indicating activation of the UPR. Transverse aortic constriction in
mice also induces the same proteins in the heart, and deletion of Chop reduces
cardiomyocyte apoptosis and cardiac fibrosis and hypertrophy (Okada et al. 2004, Fu et al.
2010). The UPR therefore mediates both cardiomyocyte death as well as hypertrophy
associated with chronic hypertension. Notably, global expression of a mutant KDEL
receptor which interferes with ER protein quality control primarily affects the mouse heart,
which shows increases in CHOP and cell death, but does not affect other organs (Hamada et
al. 2004). Similarly, systemic administration of the proteasome inhibitor bortezomib for
multiple myeloma impairs ERAD and induces severe cardiomyopathies in 11-12% of
patients (Enrico et al. 2007). These studies reveal the relative sensitivity of cardiomyocytes
to prolonged ER stress. Interestingly, conditional deletion of Mox4 in cardiomyocytes using
aMHC-Cressignificantly improved mortality and cardiac hypertrophy and function
following abdominal aortic banding, whereas myocardial overexpression of Nox4
exacerbated all indices, indicating a role for myocardial Nox4 in promoting hypertensive
cardiomyopathy (Kuroda et al. 2010). In this study, Nox4 appeared to increase rather than
attenuate cardiomyocyte apoptosis. Nox4 caused cell death through mitochondrial
production of ROS, although it is not clear whether this was from mitochondria-localized
Nox4, as proposed by the authors, or from downstream mitochondrial effects distal to ER-
localized Nox4. In a separate study, conditional myocardial deletion of NMox4 reduced
myocardial hypertrophy and improved cardiac function following chronic treatment with the
alpha agonist phenylephrine (Matsushima et al. 2013), suggesting a situation similar to
VSMC in which Nox4 may mount an appropriate cellular response to hypertensive stresses
by promoting hypertrophy but with consequent detriment to organ function.

An additional effect of Nox4 in the failing heart was revealed by global deletion of Nox4
followed by abdominal aortic banding. When followed out to 9 wks, a longer time period
than the prior study, global rather than conditional NMox4 deletion worsened cardiac dilation,
hypertrophy, fibrosis, and systolic function, revealing a protective role for Nox4 in
hypertensive cardiomyopathy (Zhang et al. 2010). Importantly, global Aox4 deletion
decreased myocardial capillary density, indicating a salutary role for Nox4 primarily through
compensatory angiogenesis, and not through direct effects on cardiomyocyte viability.
Myocardial overexpression of Nox4 stabilized Hif-1a and increased VEGF expression,
suggesting an interaction between cardiomyocytes and endothelial cells mediated by Nox4
(Zhang et al. 2010). In a subsequent study, both cardiomyocyte-specific and endothelial-
specific deletion of Nox4 caused decreased HIF1a and VEGF levels and worse cardiac
dysfunction following transverse aortic constriction (Zhang et al. 2018). An additional
function of Nox4 in the overloaded heart appears to be the reprogramming of glucose and
fatty acid metabolism. A recent study reveals that Nox4 redirects glucose flux from
oxidation to fatty acid oxidation, and effect mediated by an ATF4-dependent increase in O-
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GIcNAcylation of the fatty acid transporter CD36 (Nabeebaccus et al. 2017). Other studies
confirm the role of Nox4 in mediating compensatory angiogenesis, even though it has no
demonstrable role in developmental angiogenesis. AMox4 deletion blunts hind limb
angiogenesis following femoral artery ligation, an effect thought to be mediated primarily by
endothelial Nox4 (Schroder et al. 2012). Consistent with this interpretation, endothelial-
specific overexpression of Nox4 increases eNOS expression and accelerates compensatory
angiogenesis following femoral artery ligation (Craige et al. 2011). Taken together, these
data indicate that Nox4 appears to improve ER stress-dependent effects at the level of the
cell, thus preserving cell-specific functions, but may improve or worsen physiologic
cardiovascular function depending on the target cell.

Diabetes mellitus

Nutrient management requires protein synthesis and processing through the ER;
consequently, excessive nutrients encountered in obesity and type 1l diabetes mellitus place
the ER under chronic stress. Cells responsible for cholesterol metabolism, insulin
production, and fat storage endure severe ER stress, damaging the liver, endocrine pancreas,
and adipose tissue. Adipose tissues from obese humans show activation of the UPR (Boden
et al. 2008, Sharma et al. 2008), and chemical chaperones such as PBA reverse lipid
infusion-dependent insulin insensitivity in humans and normalize blood glucose, fatty liver,
and insulin sensitivity in obese mice (Ozcan et al. 2006, Xiao et al. 2011). An absolute
requirement for an intact UPR response to metabolic stresses was first suggested by the
identification of mutations in PERK as the cause of early onset diabetes in the Wolcott-
Rallison syndrome (Delepine et al. 2000), and subsequent mouse models have confirmed the
involvement of both elF2a and IRE1/XBP1 arms of the UPR in responding to ER stress
related to obesity and even to normal fluctuations in glucose availability (Scheuner et al.
2001, Ozcan et al. 2004, Back et al. 2009).

As might be expected, oxidative stress is found in obese and diabetic states, and is thought to
participate in the development of insulin resistance. In part, this may correspond to the
prominent activation of ER stress-dependent IKK/NF-xB and JNK and consequent
inflammasome formation. In this way, ER stress and the attendant UPR represent a critical
link between metabolism and inflammation (Hotamisligil 2010). In addition, however, ROS
production and oxidative stress have been shown to occur directly from the UPR itself. In
multiple mouse models of obesity, deletion of Chop reduces Erolp expression, reverses
hyperglycemia, and reduces biochemical markers of oxidant stress and pancreatic p-cell
death, highlighting the involvement of ROS in a late apoptotic response to unremitting ER
stress (Song et al. 2008). While the source of ROS in this circumstance is unclear, catalase
targeted to mitochondria afford protection from insulin resistance, consistent with this
organelle being an important source of ROS as is the case with other causes of prolonged ER
stress (Houstis et al. 2006).

The specific role of Nox4 in responding to ER stress in diabetes has not been well studied.
However, Nox4 appears to play an unequivocal role in insulin receptor signaling. In
adipocyte-like 3T3-L1 cells, Nox4 is required to inactivate the phosphatase PTP1B upon
insulin stimulation, promoting insulin signaling through tyrosine phosphorylation of the
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insulin receptor (Mahadev et al. 2004). In hepatocytes, knockdown studies also show a
major requirement for Nox4 in mediating intact insulin signals (Wu and Williams 2012).
Interestingly, fibroblasts from patients with leprechaunism, an insulin resistant condition
associated with mutations in the insulin receptor, also show broad defects in receptor
tyrosine kinase signaling for other growth factors such as EGF and PDGF, due to
downregulation of Nox4 (Park et al. 2005). The reason for impaired Nox4 protein expression
in this condition is not clear.

Nox4 may also be required for inflammatory signaling by adipocytes in diabetes. While
consistent with a role in the inflammatory response linked to ER stress, this association has
not been closely examined. Induction of the inflammatory factors MCP-1 and Saa3 by high
glucose in 3T3-L1 cells in vitro, for instance, requires Nox4, and conditional deletion of
Nox4 in adipocytes decreases adipose tissue inflammation and delays the onset of diet-
induced insulin resistance (Han et al. 2012, Den Hartigh et al. 2017). However, global
deletion of Nox4 has the opposite effect, worsening diet-induced insulin resistance, obesity,
and inflammatory cytokine production (Li et al. 2012). It is known that Nox4 is required for
the differentiation of mature adipocytes from preadipocytes (Schroder et al. 2009); hence, it
has been proposed that global deletion of Mox4 may impair adipocyte maturation, leading to
hypertrophy of existing adipocytes and inflammation when these mice are fed a high-fat diet
(Den Hartigh et al. 2017). Again, however, a specific role for Nox4 in the response to ER
stress from excess nutrient intake, while likely, has not been closely studied. In addition,
autophagy is now known to be highly active in obese and diabetic states, but the role of
Nox4 and Ras in triggering autophagy under these conditions is also not presently
understood.

Conclusions

The ER responds to a surprisingly broad range of stresses, including increases in free
cholesterol, energetic and physical cardiovascular demands, and nutrient management. The
critical function of the ER in responding to these varied stresses highlights its role in the
development of atherosclerosis, hypertension, and the metabolic syndrome. However, the
complexities of how ROS are formed and contribute to both homeostatic signaling as well as
cell demise raise a number of challenges in translating recent findings into clinical
application. As an example, attempts to use dietary antioxidants to combat oxidative stress in
these and other human diseases have been consistently unsuccessful, as might be predicted
from the protective effects of Nox4 and other ROS sources. Large population studies have
repeatedly demonstrated that antioxidant supplements such as vitamins A, C, D, and E have
no effect on cardiovascular (Abdulkarim et al. 2017) or cancer risk (Devore et al. 2013,
Fortmann et al. 2013). Vitamins C and E also abrogate the beneficial effect of exercise on
insulin sensitivity in humans, and antioxidants block the life extension produced by caloric
restriction or sir-2.1 expression in worms (Schulz et al. 2007, Ristow et al. 2009, Schmeisser
et al. 2013). The proposed use of Nox4 inhibitors to treat specific diseases also raises the
theoretical danger that early, protective responses may be hindered in addition to affecting
targeted downstream pathologic effects.
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An alternate pharmacologic strategy currently on the horizon employs compounds that
alleviate ER stress. Sephinl is a recently developed compound that augments the UPR by
disrupting the PP1-PPP1R15A phosphatase complex that dephosphorylates elF2a
(Crespillo-Casado et al. 2017). This compound induces remarkable improvement in genetic
mouse models of two neurologic diseases due to protein misfolding, Charcot-Marie-Tooth
1B and familial Amyotrophic Lateral Sclerosis (Das et al. 2015). The antihypertensive drug
guanabenz has similar effects on the PP1-PPP1R15A phosphatase complex, and has been
reported to relieve ER stress in cardiomyocytes (Neuber et al. 2014). However, guanabenz
fed to rodents leads to glucose intolerance, an effect that appears to be due to elF2a-induced
CHOP induction and pancreatic p-cell death (Abdulkarim et al. 2017). In addition,
conflicting studies report either amelioration or acceleration of disease following guanabenz
treatment in mouse models of familial ALS (Jiang et al. 2014, Vieira et al. 2015). Although
these studies sound a note of caution, they provide proof of concept that ER stress can be
modulated in disease states, and highlight the need for further studies in this area.
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Figure 1. Overview of the unfolded protein response
Schematic shows titration of the chaperone BiP/Grp78 from the three main ER sensors IRE1

(inositol requiring enzyme 1), PERK (PKR-like eukaryotic initiating factor a kinase), and
ATF6 (activating transcription factor 6) by misfolded proteins. The IRE1 pathway, through
production of the alternatively translated product XBP1s, induces genes involved in lipid
biosynthesis, ER-associated protein degradation (ERAD), and chaperones, to promote ER
biogenesis, protein refolding, and disposal of damaged proteins. The PERK pathway, largely
through induction of the transcription factor ATF4, additionally induces antioxidant-related
genes and the phosphatase cofactor GADD34, which dephosphorylates elF2a and
deactivates the unfolded protein response (UPR). Release of ATF6 from BiP exposes Golgi
localization signals, and ATF6 subsequently undergoes regulated intramembrane proteolysis
to release a 50 kDa active transcription factor that targets genes involved in ER biogenesis
and protein refolding.
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Figure 2. The integrated stress response
Schematic shows the four main elF2a kinases PERK, GCN2 (general control non-

derepressible 2), PKR, and HRI (heme-regulated inhibitor) which respond to different
stimuli to activate events downstream of elF2a.. elF2a also responds to ROS either through
Nox4 in response to ER stress, or to oxidative stress through undefined mechanisms.
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Figure 3. Dual role of ROS in ER stress signaling
The left side of the panel depicts homeostatic signaling which involves ROS as signaling

intermediates that report ER stress to the UPR, which in turn mitigates ER stress. Nox4 is
shown as an important source of ROS in this capacity. In the event that ER stress is not
relieved over time (depicted by the stop watch), delayed expression of proteins such as
CHORP initiate a secondary rise in ROS (right side of the panel). This secondary increase in
ROS appears to arise in part from induction of ER oxidase 1 (ERO1) and in part from
calcium transfer across specialized ER-mitochondria contact sites with release of ROS,
together contributing to cell death.
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Figure 4. ROS in the stressed ER
a. Human umbilical vein endothelial cell expressing the H,O, sensor HyPer targeted to the

ER, after treatment with tunicamycin for 16 h. This photomicrograph shows a ratiometric
image of HyPer demonstrating H>O5 elevations within swollen, dysmorphic ER vesicles
with focal H,O, accumulations particularly at the periphery of ER endomembranes. b.
Nox4-GFP in live unfixed cell localizes to the reticular ER. Scale bars are 20 pm.
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Figure 5. Nox4 signals ER stress
Schematic showing the role of Nox4 in relaying a local ER stress signaling pathway

downstream of RhoA. Nox4-derived H,O5 oxidizes sulfhydryls of the sarcoendoplasmic
reticulum calcium ATPase (SERCA), leading to an increase in cytosolic calcium, activation
of the calcium sensitive ER guanyl exchange factor RasGRF, and GTP loading of Ras on-
site on the ER surface. ER-localized Ras leads to homeostatic correction through the UPR,
ERK activation, and autophagy.

Mol Aspects Med. Author manuscript; available in PMC 2019 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ochoa et al.

Page 30

Table 1

Summary of ER stress and Nox4 involvement in cardiovascular disease

Summary of Evidence

Atherosclerosis and Ischemic Heart
Disease

Involvement of ER stress

UPR markers increased in human atheromas, ApoE~'~ mice, pig models, shear stressed
endothelium;

UPR is activated in ischemia reperfusion, ATF6 is protective;

CHOP induction after 50 min of ischemia increases myocardial injury

Protective role of Nox4

Nox4 deletion and DN-Nox4 increases atherogenesis in mouse models;
Endothelial-specific Nox4 overexpression protects ApoE™~ mice;

Nox4 mediates protective autophagy in VSMC treated with oxidized 7-ketocholesterol;
Myocardial Nox4 deletion increases infarct size after no-reflow ischemia

Hypertension

Involvement of ER stress

UPR activation in arteries, myocardium, and SFO by AT-1I infusion;
Normalization of systemic and pulmonary BP by TUDCA and PBA;
TUDCA or BiP transduction in SFO blocks hypertensive response to AT-I1

Protection by endothelial Nox4

Endothelium-specific Nox4 overexpression decreases AT-11 hypertension, increases endothelium-
dependent vasorelaxation

Worsening by VSMC Nox4

Nox4 increased in pulmonary arteries of humans and mice with pulmonary hypertension;
ATF6 mediates VSMC survival and proliferation, worsens pulmonary artery resistance

Hypertensive Heart Failure

Involvement of ER stress

UPR activated in failing human myocardium;
Mice with abdominal aortic banding develop cardiomyocyte apoptosis that is decreased by Chop
deletion

Worsening by cardiomyocyte Nox4

Cariomyocyte deletion of Mox4 decreases myocardial hypertrophy and improves cardiac function
after abdominal aortic banding or phenylephrine

Protection by vascular effects of Nox4

Global deletion of Mox4 increases myocardial hypertrophy and worsens cardiac function by
decreasing VEGF and decreasing myocardial capillary density;

Nox4 deletion decreases hind limb angiogenesis, whereas endothelial Nox4 overexpression
increases compensatory angiogenesis after femoral artery ligation

Diabetes mellitus

Involvement of ER stress

Perk deletions cause Wolcott-Rallison syndrome;

elF2a and IRE1/XBP1 activated in obesity in mice;

Deletion of Chop reverses hyperglycemia, oxidant stress, and pancreatic B-cell death in multiple
models of mouse obesity

Nox4 and insulin signaling

Nox4 promotes insulin signaling through PTP1B inactivation and tyrosine phosphorylation of
insulin receptor;

Fibroblasts from leprechaunism patients have impaired insulin and other growth factor signaling
from downregulation of Nox4
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