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The endoplasmic reticulum (ER) lumen is highly oxidizing compared to other subcellular
compartments, and maintaining the appropriate levels of oxidizing and reducing
equivalents is essential to ER function. Both protein oxidation itself and other essential
ER processes, such as the degradation of misfolded proteins and the sequestration of
cellular calcium, are tuned to the ER redox state. Simultaneously, nutrients are oxidized in
the cytosol and mitochondria to power ATP generation, reductive biosynthesis, and
defense against reactive oxygen species. These parallel needs for protein oxidation in
the ER and nutrient oxidation in the cytosol and mitochondria raise the possibility that the
two processes compete for electron acceptors, even though they occur in separate
cellular compartments. A key molecule central to both processes is NADPH, which is
produced by reduction of NADP+ during nutrient catabolism and which in turn drives the
reduction of components such as glutathione and thioredoxin that influence the redox
potential in the ER lumen. For this reason, NADPH might serve as a mediator linking
metabolic activity to ER homeostasis and stress, and represent a novel form of
mitochondria-to-ER communication. In this review, we discuss oxidative protein folding
in the ER, NADPH generation by the major pathways that mediate it, and ER-localized
systems that can link the two processes to connect ER function to metabolic activity.
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INTRODUCTION—WHY SHOULD THE ENDOPLASMIC
RETICULUM CARE WHAT IS HAPPENING IN THE
MITOCHONDRIA?
The extensive physical contacts between the ER and mitochondria underscore the need for these two
organelles to communicate. Why is that communication necessary? At the simplest, level, the ER
requires ATP to fold and transport nascent secretory and membrane proteins. Yet beyond ATP
output, it is likely that metabolic activity within the mitochondria will profoundly impact ER
function in both direct and indirect ways, even though the mitochondrial matrix is compartmentally
separated from the ER lumen by three membranes—the ER membrane and the mitochondrial inner
and outer membranes. The tricarboxylic acid (TCA) cycle is the central hub of metabolism;
carbohydrates and lipids catabolized to acetyl-CoA enter the cycle by condensation with
oxaloacetate to form citrate, and one turn through the cycle generates NADH and FADH2 for
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oxidative phosphorylation. But, importantly, the TCA cycle is
much more than a simple means to ATP production. TCA flux
drives biosynthetic pathways such as lipogenesis,
gluconeogenesis, and ketogenesis, the first two of which take
place either in whole or in part, respectively, at the ER. Some of
these biosynthetic pathways—including lipogenesis—are
reductive in nature, requiring not just precursors from the
TCA cycle such as citrate, but also NADPH produced either
through TCA cycle isozymes or other metabolic pathways such as
the pentose phosphate pathway (PPP) and one-carbon (1C)
metabolism. NADPH also maintains cellular redox
homeostasis, and as will be discussed below, proper oxidation
and reduction of proteins in the lumen of the ER is central to
homeostasis there. Thus, the simple flow of nutrients into the
mitochondria stimulates biochemical processes that directly
impact ER function. Moreover, exposure to nutrients and
insulin that accompany a meal also drives protein biogenesis
through the activation of mTOR signaling (Oyadomari et al.,
2006; Pfaffenbach et al., 2006). Because, in a typical cell, secretory
and membrane proteins—i.e., ER “client proteins”—comprise
approximately one-third of the total cellular proteome ,
increased nutrient catabolism portends an imminent demand
on the ER biosynthetic capacity. Thus, it stands to reason that the
ER will be responsive to metabolic flux and TCA cycle activity in
ways beyond just the production of ATP.

One of the unique features of ER protein folding, compared to
cytosolic protein folding, is the need to oxidize proteins in the
form of disulfide bonds on cysteine residues. Because of this need,
the environment of the ER lumen is net-oxidizing toward its
client proteins, and an inability to form disulfide bonds would be
expected to dramatically compromise ER function. In support of
this idea, reducing agents such as dithiothreitol are among the
most potent elicitors of ER stress. Yet ER client protein oxidation
must be tightly regulated, because over-exuberant oxidation can
cause the formation of disulfide-bonded protein aggregates, and
can also prevent proteins from achieving the correct disulfide
bonded configuration, for which the ability to reduce and reform
(i.e., isomerize) disulfide bonds is needed.

Our central thesis is that the generation of reducing
equivalents by metabolic activity directly links ER homeostasis
to nutrient intake and catabolism. In other words, it is likely that
the central functions of the ER—particularly protein folding and
secretion and calcium storage—wax and wane with feeding and
fasting cycles because of the effects of NADPH on the oxidative
environment within the ER. Yet intermediary metabolism and ER
homeostasis, though interconnected processes, are disparate
fields. Thus, one goal of this review is to sketch the pathways
of NADPH production to the ER expert and the pathways of
oxidative protein folding to the metabolism expert. Then, we will
review the most likely candidates for conveying changes in the
cellular NADPH status from the mitochondria and cytosol to the
ER lumen, and we will highlight ER functions that are likely to be
particularly sensitive to such changes. Along the way, we will
highlight instances when these basic biochemical pathways are
linked to obesity, and speculate about the potential impacts of
metabolic activity on ER function.

THE ENDOPLASMIC RETICULUM AND
ENDOPLASMIC RETICULUM STRESS

As gateway to the secretory pathway, one of the most important
functions of the ER is the synthesis, folding, modification, and
trafficking of secretory proteins and resident proteins of the
endomembrane system. ER stress arises when there is
imbalance between the load of ER client proteins that must be
processed and the ability of the organelle to properly process
them. Oxidative protein folding, which is carried out by a
dedicated system of oxidases and thiol isomerases in the ER
lumen, is coupled to the translocation of proteins across the ER
membrane, their modification by N-linked glycans, and their
association with ER-resident chaperones.

Protein Biogenesis and Oxidation
Canonically, secretory and transmembrane proteins are targeted
to the ER membrane by the signal recognition particle (SRP)
which recognizes both cleavable N-terminal signal peptides and
internal non-cleaved transmembrane domains. Engagement of
the translocon by the targeted nascent polypeptide opens a
channel into the ER lumen, into which the polypeptide
emerges (Nyathi et al., 2013). Protein folding and covalent
modification begin immediately when the nascent polypeptide
gains access to the lumen, meaning these processes are tightly
coupled. Cotranslational modifications include disulfide bond
formation—which will be discussed in detail—signal peptide
cleavage, and N-linked glycosylation (Braakman and Bulleid,
2011; Ellgaard et al., 2016). These modifications are
functionally interdependent because they rely on accessibility
of specific structural features—cysteines, signal peptide cleavage
sites, and Asn-(not Pro)-Ser/Thr, respectively—by discrete ER
machinery (Ellgaard et al., 2016). For example, signal peptide
cleavage usually occurs cotranslationally, but can vary from an
early event in the synthesis and translocation of the
polypeptide—occurring almost immediately after the
polypeptide accesses the ER lumen—to a much later one, even
in some cases occurring posttranslationally. Prior to its removal,
the signal peptide can alter the conformation and local
environment of the nascent polypeptide and the ER lumenal
and membrane factors to which it has access (Daniels et al., 2003;
Rutkowski et al., 2003). In perhaps the most notable case, the
signal peptide of the HIV-1 envelope glycoprotein, gp160, is not
cleaved until at least 15 min after its synthesis has been completed
(Land et al., 2003). Mutating its signal peptide to accelerate its
cleavage alters the timing of gp160 oxidation, the final
conformation of the gp160 protein, and ultimately the relative
fitness of the virus (Snapp et al., 2017). Likewise, oxidation and
N-glycosylation can be competing processes (Allen et al., 1995;
Holst et al., 1996), and N-glycosylation also allows nascent
proteins to access ER-resident calnexin/calreticulin lectin
proteins that bring misfolded nascent glycoproteins into
proximity with thiol isomerases for disulfide bond
rearrangement (Caramelo and Parodi, 2008). Thus, though the
ER lumen is oxidizing toward nascent proteins, oxidation is a
highly contingent process, and disruption to other pathways of
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ER folding and modification are likely to have knock-on effects
on disulfide bond formation and rearrangement.

The extensive formation of disulfide bonds is a feature
relatively unique to the ER folding environment of eukaryotic
cells, with only the mitochondrial intermembrane space also
having dedicated protein oxidation machinery (Riemer et al.,
2009). Disulfide bonds form by a two-electron reaction that
moves electrons from reduced sulfhydryls in the protein to an
oxidizing equivalent. Most ER proteins are oxidized, some
extensively, and thus oxidizing equivalents must be abundant
in the ER lumen for folding to occur efficiently. Because the ER
lumen is oxidizing, disulfides begin to form co-translationally as
soon as reactive cysteines emerge into the ER (Chen et al., 1995;
Bulleid, 2012; Ellgaard et al., 2016). However, the disulfide bonds
needed for correct protein conformation are often not
sequentially oriented on the polypeptide, and thus non-native
disulfides can form that must be subsequently reduced and

isomerized for the protein to be correctly folded. As a result,
the ER lumen needs to be able to both oxidize and reduce
disulfides.

Oxidation and isomerization are performed by thiol
isomerases. To date, approximately 20 proteins are classified as
thiol isomerases, the exemplar of which is protein disulfide
isomerase (PDI) (Ellgaard and Ruddock, 2005), underscoring
the importance of disulfide bond catalysis. PDI consists of four
domains (a, b, b’, a’), two of which (a and a’) contain thioredoxin-
related reactive CXXC motifs that facilitate disulfide exchange
(Chivers et al., 1997). The b and b’ domains are not catalytically
active, but act as chaperones for substrate binding (Klappa et al.,
1998). The catalytic a and a’ domains are sufficient for protein
oxidation, but the b and b’ domains are necessary for
isomerization (Darby et al., 1996). Oxidized PDI serves as an
electron acceptor during disulfide catalysis, whereas reduced PDI
serves as an electron donor during reduction and isomerization.

FIGURE 1 | Mechanisms maintaining the oxidative capacity of the ER lumen. The ER lumen must be sufficiently oxidizing to maintain protein folding. It is
characterized by a high preponderance of GSSG, which is generated by ER-localized GPx7/8 as a method of neutralizing H2O2. The extent to which GSSG influences
protein folding remains less understood. The main ER resident proteins controlling oxidative folding are the PDI family members. PDIs are maintained in an oxidized state
by electron transfer to 1) ERO1, generating H2O2 in the process; 2) PRDX4, which neutralizes H2O2; and 3) GPx7/8, which also neutralizes H2O2. Both PRDX4 and
GPx7/8 likely use H2O2 generated by ERO1 or NADPH oxidase 4 (NOX4) to reoxidize PDI. ERO1 also undergoes redox-mediated regulation by existing in two oxidized
states, indicated here as ERO1ox1 and ERO1ox2, wherein the ox1 state has oxidized catalytic cysteines and reduced regulatory cysteines, and is therefore active, versus
ox2, which has oxidized regulatory cysteines and is therefore inactive. The ox1 form predominates under normal ER lumenal conditions, whereas the ox2 form is
generated with the ER lumen becomes hyperoxidizing. Additional interactions are proposed between PDI family members, represented here by ERp57 (PDIA3) and
ERp72 (PDIA4). 4) These interactions could be involved with both oxidation for initial disulfide formation and reduction for disulfide isomerization. Some PDIs, such as
TMX3, are proposed to interact directly with GSH, which reduces PDI for disulfide reduction and isomerization. 5) Finally, a potential mechanism for protein oxidation
catalyzed by QSOX, 6) which transfers electrons to oxygen and generates H2O2. The extent to which each of these mechanisms affects protein processing has not been
fully elucidated.
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Reoxidation of PDI is essential for its function, and was initially
thought to rely on oxidized glutathione (GSSG). However,
depletion of ER glutathione minimally impacts PDI (Cuozzo
and Kaiser, 1999; Tsunoda et al., 2014), and further work
identified ER oxidoreductase 1-alpha (ERO1α), ER-localized
peroxiredoxin 4 (PRDX4), glutathione peroxidase 7 (GPx7),
glutathione peroxidase 8 (GPx8), and Vitamin K epoxide
reductase as alternative mechanisms for PDI oxidation
(Cabibbo et al., 2000; Wilkinson and Gilbert, 2004; Zito et al.,
2010; Nguyen et al., 2011; Rutkevich and Williams, 2012)
(Figure 1). However, it is worth noting that PDI reacts
extremely efficiently with GSSG, and that the sheer abundance
of GSSG in the ER lumen—by one estimate, 2 mM—might leave a
role for this molecule in PDI reoxidation (Lappi and Ruddock,
2011), especially in certain cell types, like hepatocytes, in which
glutathione is particularly abundant (Forman et al., 2009). PDIs
can also react with GSH during thiol isomerization (Appenzeller-
Herzog and Ellgaard, 2008). GSH is reportedly required for
reduction of ER protein 57 (ERp57, PDIA3) (Jessop and
Bulleid, 2004), and may directly equilibrate with thioredoxin-
related transmembrane protein 3 (TMX3) (Haugstetter et al.,
2005). Additionally, PDI family members engage in disulfide
exchange with each other, whether to promote oxidative folding
or isomerization. For example, ERp57 can be oxidized by ER-
protein 72 (ERp72, PDIA4) to promote disulfide bond catalysis
(Oka et al., 2015). Ultimately, the relative contribution of each of
these pathways of PDI reoxidation and reduction under different
cellular conditions remains unclear.

ERO1 was initially identified in yeast as an essential protein for
disulfide formation (Frand and Kaiser, 1998; 1999). There are two
mammalian homologs, ERO1α, and ERO1β. ERO1α is widely
expressed, whereas ERO1β is enriched in the pancreas and
immunoglobulin-producing cells (Dias-Gunasekara et al.,
2005), both of which are highly secretory cells, suggesting that
the need for oxidation may correlate with secretory load. ERO1 is
an ER-resident N-glycoprotein that does not contain an ER
retention signal (KDEL), but is retained in the ER nonetheless.
Subsequent work identified covalent interactions between ERO1α
and PDI, as well as the PDI family member, ER-protein 44
(ERp44) (Otsu et al., 2006). The interaction with ERp44 is
essential for ERO1 retention, whereas the interaction with PDI
prevents ERO1 dimerization and aggregation (Otsu et al., 2006).
ERO1 is likely aggregation-prone based on its structure: it
contains an outer thioredoxin-like CXXCXXC motif that is
catalytically active, an inner C-terminal active site near an
FAD moiety, and 12 additional cysteine residues. The active
sites are organized into loops, with the outer loop being
flexible enough to “shuttle” electrons to the inner loop. To re-
oxidize PDI, the outer disulfide in ERO1 accepts electrons from
PDI and shuttles them to the inner active site and FADmotif (Tu
et al., 2000; Tu and Weissman, 2002). Subsequently, electrons are
transferred to molecular oxygen—generating H2O2—to maintain
ERO1 in an oxidized state.

The additional cysteines in ERO1 can also form
intramolecular disulfides that serve regulatory roles. In
particular, two disulfides form that connect the outer and
inner loops, which affects the flexibility of the outer loop. For

this reason, these residues are considered regulatory cysteines that
act as a redox-regulated switch to control ERO1 (Sevier et al.,
2007; Appenzeller-Herzog et al., 2008), such that highly oxidizing
conditions in the ER lumen lead to formation of an
intramolecular disulfide bond that inactivates ERO1 enzymatic
activity and prevents overexuberant oxidation. The rapid re-
oxidation of ERO1 is also a mechanism to limit ERO1 activity.
By generating H2O2, ERO1 creates hyperoxidizing microdomains
that favor oxidation of the regulatory cysteines in ERO1, and
prevent its activity (Sevier et al., 2007). This regulation and
inactivation is important because hyperactive ERO1 is a source
of oxidative damage (Hansen et al., 2012). In this way, the cell can
maintain tight control over protein oxidation. Paradoxically, it is
possible that stimuli that make the ER more oxidizing could
actually lead to diminished oxidation of ER proteins due to this
negative feedback loop. Overexpression of a constitutively active
ERO1 mutant incapable forming this regulatory disulfide elicits
ER stress, but to a relatively modest extent compared with
reducing agents like DTT (Hansen et al., 2012; Eletto et al.,
2014a).

While ERO1 has been suggested to be the major regulator of
PDI redox cycling, it is not required for disulfide formation in
mammals, which prompted identification of other redox
regulators in the ER. Use of a PDI trapping mutant
identified PRDX4 as a candidate for oxidizing PDI and
restoring protein folding (Zito et al., 2010). PRDX4 is a 2-
cysteine peroxiredoxin that was identified as a soluble ER
lumenal protein (Tavender et al., 2008). The peroxiredoxins
are widely expressed H2O2 scavengers containing a highly
conserved PXXT/SXXC motif, which is conjugated to
sulfenic acid when neutralizing H2O2, and then forms an
intra- or intermolecular disulfide bond (Perkins et al.,
2015). The ability of peroxiredoxins to form intermolecular
disulfides led to the hypothesis that PRDX4 could form a
complex with, and re-oxidize, PDI. PRDX4 does oxidize
PDI, and accelerates PDI’s ability to use H2O2 as an
electron acceptor during protein folding (Zito et al., 2010).
Additionally, because H2O2 produced by ERO1 preferentially
oxidizes PRDX4 when ERO1 is highly active (Tavender and
Bulleid, 2010), ERO1 could accelerate PRDX4-mediated
protein folding.

Similar to PRDX4, GPx7 can use H2O2 produced by ERO1 to
accelerate protein folding (Wang et al., 2014). GPx7 is an atypical
two-cysteine GPx because it lacks a canonical resolving cysteine
commonly needed for reduction during catalytic cycles (Toppo
et al., 2008; Nguyen et al., 2011). The first cysteine in GPx7 is
peroxide-reactive, whereas the second acts as a resolving cysteine,
creating an intramolecular disulfide bond when the first cysteine
is sulfenylated. Additionally, sulfenylated and disulfide bonded
GPx7 can interact with the catalytic domains of PDI.
Interestingly, GPx7 and ERO1 can interact with PDI
simultaneously, with ERO1 oxidizing the a’ domain of PDI,
and generating H2O2 that is subsequently used by GPx7 to
oxidize the a domain (Wang et al., 2014). The consumption of
H2O2 by PRDX4 and GPx7 is beneficial because it prevents
oxidative stress (Tavender and Bulleid, 2010; Kim et al., 2020).
Though the protection is localized to the ER, it potentially extends
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to the cytosol by preventing consumption of reduced glutathione
(discussed below), which is a major cytosolic and mitochondrial
antioxidant.

Though PDI-mediated oxidation predominates, there are
proposed mechanisms of protein oxidation that do not require
PDI. The main proteins responsible are sulfhydryl oxidases,
which often incorporate iron, copper, or flavin binding
domains to participate in oxidation-reduction reactions
(Kodali and Thorpe, 2010). The flavoprotein—quiescin
sulfhydryl oxidase (QSOX)—functions similarly to ERO1, but
interacts directly with reduced thiols instead of employing PDI.
The interaction with reduced thiols is achieved through a
thioredoxin domain similar to that in PDI (Kodali and
Thorpe, 2010). Due to the localization of QSOX in the Golgi
and secretory granules, its function may be to ensure disulfide
integrity during late-stage maturation and secretion, as well as
formation of larger complexes after secretion (Chakravarthi et al.,
2007). However, whether QSOX plays a role in protein folding in
the ER remains less understood.

As a whole, oxidative folding—whether forming or reducing
disulfides—constitutes a major burden for the cell, particularly in
cell types with high secretory loads. A classic example is
hepatocytes which secrete a high volume of albumin—by far
the most abundant component of plasma—along with
lipoproteins, clotting factors, and antiproteases. Albumin itself
has 17 disulfide bonds (Dugaiczyk et al., 1982; Sugio et al., 1999),
meaning the ER in hepatocytes must maintain a high capacity for
forming disulfide bonds. In addition, because albumin is the most
abundant ER client protein in hepatocytes, and its disulfide bonds
are largely sequential, the hepatocyte ERmight have less of a need
for disulfide reduction, though this idea has not been tested.
Likewise, correct disulfide bonding of Apolipoprotein B, which is
the major protein component of very low density lipoprotein
(VLDL) produced by the liver, is required for VLDL particle
assembly in the ER (Shelness and Thornburg, 1996). VLDL has
seven disulfide bonds, the first two of which are overlapping and
the remaining five of which are sequential. VLDL production is
induced under conditions of nutrient sufficiency and suppressed
during fasting (Wilcox and Heimberg, 1987; Choi and Ginsberg,
2011). Therefore, it might be expected that hepatocytes have a
keen need for oxidizing equivalents in the ER generally, and even
more so during the latter stages of nutrient excess. Conversely,
pancreatic beta cells must reduce a disulfide bond in pro-insulin
for proper insulin maturation, packaging, and secretion, and
insulin biogenesis is stimulated by glucose metabolism (Fu
et al., 2013). Thus, beta cells might have a greater requirement
for ER reducing power. In support of this idea, proinsulin
maturation was impaired in beta cells with a hyperoxidizing
ER (Rohli et al., 2021). Therefore, it is conceivable that
different cell types, such as hepatocytes and beta cells, have
distinct needs for oxidation versus reduction, dependent not
only on the types of proteins that a given cell type has to
secrete, but also on cellular conditions such as nutrient fluxes
that impact the relative composition of the secretome at any given
time. Much of our understanding of the cellular need for
oxidizing versus reducing equivalents in the ER has come
from studies in a limited sampling of cell types such as

HEK293 and mouse embryonic fibroblasts that might or might
not be universally applicable. Determining the basal capacity of
different cell types to oxidize and reduce proteins, and their
relative responsiveness to hyper- and hypo-oxidation, will
increase our understanding of how cellular redox requirements
affect ER function.

Assessing the Endoplasmic Reticulum
Redox State
While the ER has long been recognized as an oxidizing
environment capable of de novo formation of disulfide bonds
on nascent proteins, only the development of ER-localized redox-
sensitive modified GFPs has enabled non-invasive measurement
of the ER redox potential and its responsiveness to perturbations.
Most such sensors are based on roGFP (for reduction-oxidation-
sensitive GFP), which has two surface residues mutated to
cysteines to allow for formation of a disulfide bond under
oxidizing conditions (Hanson et al., 2004). The disulfide bond
shifts the excitation maximum for the GFP relative to the reduced
protein, thus creating a ratiometric sensor. Unfortunately, as
useful as roGFPs were in detecting oxidative shifts in the
cytosol and mitochondrial matrix, the stability of the disulfide
bond made them ill-suited to measuring redox alterations in the
oxidizing environment of the ER. To address this issue, further
mutations were introduced to destabilize the roGFP disulfide
bond (Lohman and Remington, 2008). These modified roGFPs
were used to show responsiveness of ER redox to ERO1
manipulation (Van Lith et al., 2011) and to application of ER
stress-inducing agents (Avezov et al., 2013). Fusion of the ER-
targeted construct to glutaredoxin gave the readout specificity for
glutathione (Birk et al., 2013) just as it does to roGFP in the
cytosol (Gutscher et al., 2008). However, imaging with these
roGFPs was difficult because GFP folds very inefficiently in the
ER (Costantini and Snapp, 2013). Application of the roGFP
surface mutations on superfolder GFP (sfGFP), which
fluoresces brightly even in oxidizing environments (Pédelacq
et al., 2006; Aronson et al., 2011) has more recently allowed
for an ER-localized roGFP that is bright and has an appropriate
dynamic range for assessing ER redox (Hoseki et al., 2016).
Notably, the challenges of creating biosensors that function
properly in the ER are not limited to roGFP. HyPer, which in
the cytosol is ratiometric sensor for H2O2 that is based on
circularly permuted GFP, in the ER is only a more generic
readout for ER redox poise (Mehmeti et al., 2012).

Endoplasmic Reticulum Stress and
Metabolism
Stimuli that compromise the capacity of the ER to fold and export
client proteins are categorized as ER stressors. Most evidently, ER
stress is induced by deletion of ER chaperones, overexpression of
constitutively misfolded proteins, and disruption of N-linked
glycosylation, disulfide bond catalysis, or calcium homeostasis.
Other stimuli, including loading with saturated fatty acids, which
perturbs membrane fluidity, elicit ER stress despite less obvious
connections to protein folding. With the importance of disulfide
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bond formation in the ER having long been appreciated, reducing
agents such as DTT were among the first chemicals used to
characterize the ER stress response (Whelan and Hightower,
1985). ER stress is sensed by the unfolded protein response
(UPR) (Ron and Walter, 2007). The canonical UPR
pathways—inositol-requiring enzyme 1α (IRE1α), protein
kinase RNA-like ER kinase (PERK), and activating
transcription factor 6 (ATF6)— activate transcription of ER
chaperones to help clear misfolded proteins, whether through
re-folding or shuttling them for ER-associated degradation
(ERAD). The UPR also suppresses translation of ER client
proteins to decrease the overall protein load in the ER,
induces autophagy to assist in protein degradation (Yorimitsu
et al., 2006), and activates regulated mRNA degradation to
diminish protein influx (Hollien et al., 2009). The UPR elicits
both cytoprotective and cytotoxic signaling cascades, with the
latter including cell death and inflammation [reviewed in (Iurlaro
and Muñoz-Pinedo, 2016)].

UPR activation is readily assessed by several readouts, and is often
used synonymously with “ER stress,” the latter of which is difficult to
measure directly. While it is clear that pharmacological stressors that
grossly perturb ER function also result in robust UPR activation, the
conflation of ER stress and UPR activation obscures the fact that the
UPR may not respond equally to all ER perturbations. For instance,
disrupting disulfide bond formation with reducing agents has long
been accepted as an extremely robust activator of the UPR.
Conversely, the opposite—a hyperoxidizing ER—elicits
comparatively modest UPR activation despite impairing protein
maturation and preventing disulfide isomerization (Hansen et al.,
2012). Thus, even though it is important from the point of view of
client protein function that the ER retain enough reducing power to
prevent protein hyperoxidation, it does not necessarily portend that an
abundance of hyperoxidized proteins are sensed as a disruption to ER
homeostasis as readily as an abundance of underoxidized proteins.
Indeed, while it is widely accepted that ER stress ariseswhenmisfolded
proteins accumulate in the ER, it is not currently clear whether all
potential forms of misfolding—such as hydrophobic-driven
aggregation, underoxidation, overoxidation, impaired
N-glycosylation, etc.—are perceived as equally “stressful” to the
organelle. While UPR activation diagnoses the presence of at least
transient ER stress, and the terms are used somewhat interchangeably
even here, its absence does not necessarily eliminate the possibility that
disruptions to ER homeostasis have occurred or are occurring.

UPR activation is linked with obesity in several tissues,
implying that metabolic activity, or the dysregulation thereof,
impacts ER homeostasis. UPR activation is evident in obese
animals and humans in several tissues, including the brain,
liver, muscle, and adipose (Sharma et al., 2008; Kawasaki
et al., 2012; Horwath et al., 2017). Indeed, obesity causes a
drastic disruption to and rearrangement of ER morphology in
hepatocytes (Parlakgül et al., 2022). However, it remains unclear
how obesity leads to ER stress. Among previously suggested
pathways are lipotoxicity arising from ectopic accumulation of
fat in tissues other than adipose, such as liver and muscle
(Mantzaris et al., 2011; Lake et al., 2014; Patterson et al., 2016)
and disruption of ER calcium homeostasis (Fu et al., 2011).
However, the root of obesity is overnutrition, which involves

frequent, excessive caloric intake. Therefore, an additional
possibility is that catabolism of nutrients per se, could
contribute to ER stress, and that obesity is simply a
compounding of this effect, applied across many meals over
many years. In support of this idea, feeding after a fast in
mice is sufficient to induce ER stress in the liver. This effect is
independent of the fat content of the meal, suggesting that it is the
consumption of calories rather than fat specifically that drives the
effect (Gomez and Rutkowski, 2016). The ER stress arising from
feeding has been proposed to be driven in part by mTOR and the
consequent upregulation of protein synthesis, which would be
expected to increase the load of client proteins entering the ER
(Ozcan et al., 2008; Pfaffenbach et al., 2010).

In addition to these potential pathways, we recently discovered
that ER homeostasis is linked to TCA cycle activity, and blocking
entry of fats or carbohydrates into the TCA cycle diminishes the
sensitivity of metabolically active cells like hepatocytes, myocytes,
and adipocytes to ER stress; conversely, driving substrate entry
into the TCA cycle causes ER stress, to an extent nearly as robust
as the bona fide ER stressor tunicamycin (Gansemer et al., 2020).
These findings suggest that a key previously unappreciated link
between overnutrition and ER stress might be the flux of nutrients
throughmitochondrial metabolic pathways. In principle, this link
might be conveyed by any output of mitochondrial activity, and,
indeed, recent work suggests that exchange of calcium, reactive
oxygen species (ROS), and potentially other metabolites between
mitochondria and the ER likely influences metabolic disease
progression (Arruda et al., 2014; Tubbs et al., 2014; Theurey
et al., 2016; Theurey and Rieusset, 2017; Tubbs et al., 2018).
However, cellular redox—more specifically the linkage of nutrient
oxidation to NADPH production—is emerging as an additional
potential candidate for transmitting nutrient signals to the ER
(Gansemer et al., 2020; Van Lith et al., 2021).

Given that both catabolism and secretion require oxidation—of
nutrients in the mitochondria and nascent proteins in the ER—it is
plausible that the two pathways compete with each other for
electron acceptors. But several questions arise: How do cells
balance the need for nutrient and protein oxidation? Does
overnutrition induce subcellular redox changes that affect
protein homeostasis? Are nutrient and protein oxidation
inherently incompatible due to redox limitations? That the UPR
decreases lipid oxidation, and that this decrease attenuates ER
stress sensitivity (Tyra et al., 2012; DeZwaan-McCabe et al., 2017),
supports the idea of incompatibility between nutrient and protein
oxidation, though further characterization in nutrient replete and
depleted conditions is needed.

PRODUCTION OF REDUCED
NICOTINAMIDE ADENINE DINUCLEOTIDE
PHOSPHATE
NADPH is a central mediator of cellular redox homeostasis in
multiple cellular compartments, and also an essential driver of
reductive biosynthetic pathways. Metabolically, NADPH is
generated by three pathways: the pentose phosphate pathway
(PPP), the tricarboxylic acid (TCA) cycle, and folate/one-carbon
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metabolism (Figure 2). The PPP and TCA cycle contribute to
cytosolic NADPH, whereas mitochondrial NADPH is generated
by the TCA cycle and folate metabolism. There is also an NADPH
pool in the ER, which is generated by a branch of the PPP. In the
mitochondria, NADPH provides reducing power to neutralize
reactive oxygen species (ROS) produced by nutrient oxidation. In
the cytosol, NADPH is mainly used for reductive biosynthesis of
lipids, cholesterol, and steroids, but also provides reducing power
to neutralize ROS that are exported from the mitochondria and
ER. In the ER, NADPH indirectly provides reducing power for
disulfide isomerization, and contributes to steroid activation
(Atanasov et al., 2004; Rogoff et al., 2010). Interestingly, there
are no known transmembrane transporters for NADP+ or
NADPH, meaning the relative pools in each subcellular
compartment are likely generated and consumed locally.

Understanding the regulation of NADPH has been greatly
enhanced by the development of compartment-specific probes
for monitoring and manipulating the NADPH/NADP+ ratio.

Traditional approaches for measuring NADPH in specific cellular
compartments relied on cell separation and biochemical
discrimination of the redox pair by various methods. However,
these approaches were inherently limited by the difficulty in
assuring that a compartmental separation was sufficiently
pure, and by the ready tendency of NADPH to oxidize during
sample preparation. These limitations were overcome by circular
permutation—i.e., swapping the N- and C-termini and separating
them by a linker—of YFP. This manipulation maintains the
chromophore maturation ability of the fluorescent protein but
relaxes the structure relative to native YFP and its relatives, such
that the site of chromophore maturation is more accessible to
environmental influence (Kostyuk et al., 2019). A biosensor for
NADPH, called iNap, was developed by mutation of an existing
chimera known as SoNar—in which the NADH-binding domain
of the Rex protein from T. aquaticus (Zhao et al., 2015) was fused
to cpYFP—to generate NADPH specificity (Tao et al., 2017). The
binding of NADPH by this construct shifts the excitation

FIGURE 2 | Pathways producing NADPH. Cells contain three subcellular pools of NADPH. In the cytosol, NADPH is produced by G6PD, the rate limiting step of the
pentose phosphate pathway, as well as IDH1 and ME1, which are isozymes associated with the TCA cycle. In the mitochondria, NADPH is produced by IDH2, a TCA
cycle isozyme, and two enzymes associated with one carbon (1C) metabolism: ALDH2L1 and MTHFD2. IDH1, IDH2, and MTHFD2 can proceed in the reverse direction,
consuming NADPH in the process. MTHFD2 can also use NAD+ as a cofactor and generate NADH. In the ER, H6PD—a homolog of G6PD—generates NADPH
from glucose-6-phosphate. The relative contribution of each pathway varies by cell type, and there is evidence of crosstalk between NADPH-producing enzymes to
maintain optimal NADPH levels.
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wavelength of the YFP from 485 to 420 nm. A modified iNap
fused to a mitochondrial targeting peptide allows for assessment
of intra-mitochondrial NADPH. In both cases, an NADPH-
unresponsive control construct is needed to control for the
generic effects of pH changes on cpYFP fluorescence. No ER-
localized iNap has yet been reported, likely because the highly
oxidizing environment of the ER places traditional GFP-based
biosensors well outside their redox-sensitive dynamic range
(Costantini and Snapp, 2013). Recently, a different probe for
NADPH/NADP+, called NADP-Snifit, was created in which
SNAP and Halo fluorophores were tethered to the NADP-
dependent sepiapterin reductase (SPR) protein, which reads
out on NADP+-versus-NADPH binding by virtue of SPR
permitting or preventing, respectively, FRET between SNAP
and Halo (Sallin et al., 2018). The general approach of
utilizing NADP(H)-binding proteins was also harnessed to
allow for compartment-specific modulation of the NADPH/
NADP+ ratio. In this case, the NADH oxidase from L. brevis
[LbNOX (Titov et al., 2016)] was rationally mutated to confer
NADPH specificity, in a construct named TPNOX (Cracan et al.,
2017). Mitochondrial and cytosolic expression of TPNOX was
used in HeLa cells to demonstrate that mitochondrial production
of NADH was sensitive to disruption of mitochondrial NADPH,
while cytosolic NADH was not analogously responsive. These
findings pointed to the importance of mitochondrial-specific
pathways for exchanging reducing equivalents between the two
nucleotides.

The Pentose Phosphate Pathway
The PPP is thought to be the primary source of cytosolic
NADPH—although whether this is true for all cell types and
circumstances is less clear—and is required to support the basal
NADPH/NADP ratio. The PPP is a glycolytic shunt with
oxidative and non-oxidative branches (Eggleston and Krebs,
1974). The oxidative branch generates NADPH for reductive
biosynthesis, and ribose-5-phosphate for purine and pyrimidine
metabolism, whereas the non-oxidative branch incorporates
several glycolytic intermediates to generate pentose
phosphates. Two enzymes in the oxidative branch generate
NADPH: glucose-6-phosphate dehydrogenase (G6PDH) and
6-phosphogluconate dehydrogenase (6PGDH). G6PDH is
activated upon dimerization, and catalyzes the rate-limiting
step of the PPP (Cohen and Rosemeyer, 1969). G6PDH
requires NADP+ for activation and is inhibited by high
NADPH. The NADPH generated by the PPP is primarily used
for reductive biosynthesis, with isotopic flux tracing showing that
up to 80% of NADPH production was compromised by
knockdown of G6PDH in proliferating cells (Fan et al., 2014).
The PPP also drives NADPH production in the ER through
hexose-6-phosphate dehydrogenase (H6PD) (Clarke and Mason,
2003). H6PD catalyzes the same conversion as G6PDH, but
exhibits broader substrate specificity. The NADPH produced
by H6PD is required for interconversion of cortisol and
cortisone by 11β-hydroxysteroid dehydrogenase (Atanasov
et al., 2004). ER lumenal NADPH is probably uncoupled from
oxidative protein folding, because there are no known glutathione
or thioredoxin reductases in the ER (Piccirella et al., 2006).

One-Carbon Metabolism
One-carbon (1C) metabolism includes the linked folate and
methionine cycles. Folate supports 1C metabolic oxidations
and reductions through interconnected mitochondrial and
cytosolic half-cycles (Ducker and Rabinowitz, 2017). 1C units
are primarily derived from serine and glycine, and are
presumably generated independently in the mitochondria and
cytosol because there is no known transfer of 1C-bound folates
across membranes (Anderson et al., 2011). Because mammals do
not synthesize folate de novo, dietary folate is required for 1C
metabolism. Dietary folate is reduced to tetrahydrofolate (THF),
which is a universal 1C acceptor that can hold 1C units in three
interconvertible oxidation states. The three oxidation states
determine which biosynthetic process the 1C unit can be used
for—purine synthesis, thymidine synthesis, and homocysteine
remethylation. In the mitochondria, THF is oxidized through a
series of NADP+-dependent reactions to generate formate, which
is exported to the cytosol where it is reduced by NADPH-
dependent reactions to regenerate methionine, or
oxidized—again relying on NADP+—for purine synthesis.

1C metabolism is regulated by the ratio of NADP+ to
NADPH. When the NADP+:NADPH ratio is high, the
mitochondria favor serine oxidation to fuel 1C metabolism
and restore NADPH levels through the activity of methyl-
tetrahydrofolate dehydrogenase 2 and aldehyde dehydrogenase
1 family member L2, which are reportedly sufficient to maintain
mitochondrial NADPH (Fan et al., 2014; Lewis et al., 2014).
Moreover, high NADP+ inhibits cytosolic folate metabolism by
decreasing dihydrofolate reductase (DHFR) activity, presumably
to prevent NADPH consumption (Chen et al., 2019). This
regulation by the NADP+:NADPH ratio in both
compartments might make 1C metabolism responsive to
NADPH generated by PPP and the TCA cycle. The extent to
which NADPH production by 1C metabolism is affected by
changes in metabolic flux have not been fully characterized.
However, recent evidence indicates that 1C metabolism
supports NADH production when the TCA cycle is inhibited
(Yang et al., 2020). This linkage implies that the same may be true
for NADPH—that diminished TCA cycle activity might stimulate
NADPH production by 1C metabolism—though the enzymes in
1C metabolism that produce NADH and NADPH rely on the
same folate derivatives, and it remains unclear whether the cell
would prioritize reducing NAD+ over NADP+.

The Tricarboxylic Acid Cycle
While the TCA cycle is commonly thought of as an NADH and
FADH2 producing pathway, it also generates NADPH. Three TCA
isozymes—malic enzyme 1 (ME1), and isocitrate dehydrogenase 1
and 2 (IDH1/2)—produce NADPH (Rydström, 2006). ME1 and
IDH1 produce NADPH in the cytosol, meaning their substrates,
malate and isocitrate, must be exported from the mitochondria.
Conversely, IDH2 generates NADPH in the mitochondrial matrix
to support mitochondrial redox homeostasis. Both ME and IDH
have NAD+ dependent counterparts that only reside in the
mitochondria and generate the NADH needed for electron
transport chain activity. ME1 and IDH1 are able to compensate
for loss of G6PDH (Chen et al., 2019), meaning that the cytosolic
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FIGURE 3 |Mechanisms by which NADPH could affect ER function. NADPH is a major factor in redox homeostasis. In both the cytosol and mitochondria, NADPH
is used by glutathione reductase (GR) and thioredoxin reductase (TrxR). Generation of GSH by GR in either compartment could move into the ER and alter the oxidizing
environment by interacting with PDI family members for disulfide reduction, whether during isomerization or for retrotranslocation. Similarly, TrxR has the potential to
transfer electrons across the ERmembrane—by a currently unknownmechanism—for reduction of non-native disulfides during isomerization. Reduction by ERdj5
is also required for protein retrotranslocation during ERAD. GSH and electrons entering via the Trx pathway may also influence ER calcium by regulating SERCA. SERCA
is activated by reduction (ERdj5) and inactivated by oxidation (ERp57 and TMX1), and is also activated by S-glutathionylation, providing a direct role for glutathione in
calcium homeostasis. Finally, NADPH oxidase 4 (NOX4) uses cytosolic NADPH to generate H2O2 in the ER lumen. This H2O2 could be used by ER-resident PRDX4 and
GPx7/8 during PDI reoxidation as shown in Figure 1. The H2O2 produced by NOX4 also has the potential to regulate SERCA redox and calcium homeostasis. Though
the NADPH pool in the ER lumen appears uncoupled from the protein folding machinery, it nonetheless plays a role in overall redox and regulates steroid activation by
11β-hydroxysteroid dehydrogenase (11β-HSD). Whether there are reductases that use NADPH in the ER lumen remains unknown, and thus a role for NADPH in protein
folding cannot be fully excluded.
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pools of NADPH are, to some extent, interchangeable. It is less
clear how ME1 and IDH1 activity affects the activity of IDH2, and
vice-versa and whether these two enzymes compete for the same
pools of (iso) citrate.

PATHWAYS LINKING REDUCED
NICOTINAMIDE ADENINE DINUCLEOTIDE
PHOSPHATE TO ENDOPLASMIC
RETICULUM FUNCTION

It is becoming clear that the ER lumen is responsive to changes in
NADPH levels outside the ER. For example, cytosolic NADPH
plays a role in reduction of non-native disulfides that form in the
ER (Poet et al., 2017). NADPH is also implicated in regulating
N-linked glycosylation efficiency, since both the ER glycosylation
machinery and the proteins being glycosylated are redox sensitive
(Van Lith et al., 2021). Similarly, we recently showed that
NADPH generated by the TCA cycle leads to a hypo-oxidizing
ER and, surprisingly, increased sensitivity to ER stress (Gansemer
et al., 2020). In this section, we will describe three major pathways
by which NADPH levels can be transmitted to the ER lumen
(Figure 3). As will be discussed, glutathione is one possible
candidate because it relies on NADPH for reduction, which is
thought to occur in the mitochondria and cytosol, but not the ER
(Lu, 2013; Ribas et al., 2014; Couto et al., 2016), and a potential
mechanism for the entry of reduced glutathione into the ER has
been characterized in yeast (Ponsero et al., 2017). The thioredoxin
pathway, which also utilizes NADPH, is another candidate.
Although thioredoxin is not itself imported into the ER (being
an 11.6 kDa protein rather than a small tripeptide like
glutathione), the pathway has been shown to influence ER
lumenal redox potential, likely through the conveyance of
reducing equivalents through an as-yet unknown ER-resident
transmembrane protein (Poet et al., 2017). Finally, NADPH also
can influence lumenal redox—and potentially protein
folding—through production of peroxides by transmembrane
NADPH oxidases (NOX).

Glutathione Redox
Glutathione is a tripeptide consisting of glycine, cysteine, and
glutamate, with the cysteine linked to the carboxyl group of the
glutamate side chain by a γ-peptidyl bond; it is synthesized in the
cytosol by glutathione synthase (Lu, 2013). The sulfhydryl group
of the cysteine residue can form disulfide bonds with other
reactive cysteines, including in another glutathione molecule to
form oxidized glutathione (also called glutathione disulfide,
GSSG). Reduced glutathione (GSH) is negatively charged at
physiological pH, which contributes to the requirement for
facilitated transport across membranes. Additionally, the
differences in the relative ratio of GSH:GSSG between
subcellular compartments argues against passive trans-ER
movement of both GSSG and GSH; the cytosol and
mitochondrial matrix have high GSH:GSSG ratios of
approximately 100:1, whereas the ER has a substantially lower
ratio of closer to 3:1 (Forman et al., 2009; Appenzeller-Herzog,

2011; Ribas et al., 2014). If glutathione could move passively
between compartments, maintaining these ratios would be
impossible. Despite the requirement for facilitated transport,
glutathione movement between subcellular compartments is
not well understood. GSH was thought to be exchanged
between the mitochondrial intermembrane space and matrix
by the 2-oxoglutarate and dicarboxylate carriers (Chen and
Lash, 1998; Chen et al., 2000), though this has since been
challenged (Booty et al., 2015). Recently, the mitochondrial
solute carrier SLC25A39 was identified as a regulator of
mitochondrial GSH import (Wang et al., 2021), though it
remains unclear how mitochondrial GSH is exported.
Transport into and out of the ER is even less understood, with
the only identified candidate for GSH transport being the Sec61
translocon in yeast (Ponsero et al., 2017). There is evidence of
glutathione nanodomains at ER-mitochondrial contact sites
(Booth et al., 2021), and thus it is plausible that GSH—or
GSSG—could be directly transferred from the mitochondria to
the ER at those sites.

Glutathione levels are not only regulated by transport, but also
by redox cycling. GSH is oxidized to GSSG by glutathione
peroxidase (GPx) in the process of peroxide detoxification,
and GSSG is reduced to GSH by glutathione reductase (GR)
to maintain reductive power. GPx enzymes use either a catalytic
cysteine or selenocysteine to mediate this reaction. To date, eight
mammalian GPx isoforms (GPx1-8) have been characterized
(Brigelius-Flohé and Maiorino, 2013). The GPx family has
been extensively reviewed elsewhere (Brigelius-Flohé and
Maiorino, 2013). Briefly, GPx1 is widely expressed, is required
for mitigating oxidative stress, and has been identified in the
cytosol and mitochondria (Esworthy et al., 1997; Lubos et al.,
2011). GPx4 was the first monomeric GPx identified, and is also
widely expressed. It is localized to the cytosol and mitochondria,
and reacts with GSH and lipid peroxides present in membranes or
lipoproteins (Thomas et al., 1990). GPx4 also has high affinity for
protein thiols, and can thus act as a thiol peroxidase when GSH is
limiting. GPx4 is particularly highly expressed in the liver, lungs,
kidneys, and brain, and loss of GPx4 increases apoptosis and lipid
peroxidation (Brigelius-Flohé and Maiorino, 2013). GPx2, 3, 5,
and 6 have more narrow expression. GPx7 and GPx8 are/ER-
localized, with GPx7 being the first GPx identified with a cysteine
instead of a selenocysteine (Utomo et al., 2004). GPx7 is localized
to the ER lumen, where it uses H2O2 generated by ERO1 and
NOX4 to re-oxidize PDI during disulfide formation (Wang et al.,
2014). GPx8 is similar to GPx7, but is instead a single-pass ER
membrane protein with a lumenal C-terminus. Less is known
about the function of GPx8, though it also participates in PDI
reoxidation (Nguyen et al., 2011; Kanemura et al., 2020) and
prevents H2O2 leakage from the ER (Ramming et al., 2014).

Changes in GPx expression and activity are closely tied to both
metabolism and ER function. Loss of GPx1 induces ER stress
(Geraghty et al., 2016; Gansemer et al., 2020), and its inhibition
makes disulfide-bonded ER client proteins more sensitive to
reduction (Gansemer et al., 2020). Similarly, GPx8 suppression
was recently shown to enhance ER stress in the liver (Lee et al.,
2021). That these manipulations cause ER stress—or, more
specifically, induce the UPR—and alter the ER redox
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environment implies that they do so by affecting the folding,
maturation, and secretion of proteins transiting through the ER,
but such an effect has not yet been directly demonstrated. If
impairing GPx expression or activity elicits or exacerbates ER
stress, then overexpressing it should attenuate ER stress. While
this prediction has not yet been tested, it is worth noting that
overexpression of GPx1 augments pancreatic beta-cell insulin
production (Harmon et al., 2009). This effect might arise at least
in part from enhanced insulin processing in the ER, because
insulin structure and stability rely on formation of two interchain
disulfides and one intrachain disulfide (Van Lierop et al., 2017).
However, it is also possible that this effect is due to the generally
salubrious effects of protection from oxidative stress that would
be expected from augmenting a glutathione peroxidase;
disentangling the role of glutathione in detoxifying peroxides
from its contribution to ER oxidative folding remains a challenge.

The second half of the glutathione redox cycle is catalyzed by
GR, an NADPH-dependent flavoprotein (Couto et al., 2016). The
NADPH and FAD binding domains permit transfer of electrons
from NADPH to FAD. A pair of reactive cysteines form an
intramolecular disulfide bond that then shuttles electrons from
FADH2 to GSSG, reducing GSSG to two GSH molecules and re-
oxidizing themselves in the process. GR activity has been detected
in the mitochondria and cytosol, and the protein contains an
N-terminal mitochondrial targeting sequence (Kelner and
Montoya, 2000). In yeast, this dual localization is achieved by
translation from two start sites (Outten and Culotta, 2004),
though the mechanism of dual localization of the mammalian
GR has not been determined. In any case, its presence in both
compartments comports with the presence of NADPH-
generating pathways and the need to provide reducing
equivalents in both places. The cytosol needs to be reducing to
prevent protein disulfide bonding and aggregation, and to
prevent or rectify oxidative damage. Similarly, the
mitochondria have a high demand for reducing equivalents
due to ROS production by oxidative phosphorylation. The
mitochondria thus support detoxification of ROS produced
during oxidative phosphorylation by generating NADPH
through IDH2 and one-carbon metabolism, effectively
ensuring that mitochondrial GR has sufficient NADPH to
regenerate GSH and maintain a reducing environment.

Unlike the cytosol and mitochondrial matrix, the ER lumen
demands more oxidizing conditions and is clearly adversely
affected when its oxidation potential is insufficient. The
apparent lack of GR activity in the ER suggests that the redox
state of ER lumenal glutathione is instead controlled by import of
GSH that is generated in the cytosol or mitochondria. In this way,
high metabolic activity and its consequent increased NADPH
production could affect ER function through GR activity, even
though GR itself is not in the ER. The idea that NADPH and GR
activity could affect the ER is indirectly supported by evidence
that stimulating TCA activity increases NADPH and GSH, and
induces ER stress. The converse is also true, as blocking TCA
entry of either carbohydrates or fats decreases NADPH and GSH,
makes the ER more oxidizing, and diminishes ER stress—an
effect that can be phenocopied by inhibiting GR (Gansemer et al.,
2020).

Thioredoxin Reductase
The thioredoxin reductases (TrxR) are structurally and
functionally similar to GR. TrxRs are also NADPH-consuming
flavoproteins that exhibit cytosolic (TrxR1) and mitochondrial
(TrxR2) localization in mammals. The TrxRs differ from GR by
having a catalytic selenocysteine redox-active site at the
C-terminus in addition to the standard CXXC domain (Lu
and Holmgren, 2014). This selenocysteine is required for TrxR
activity. The Trx system is primarily responsible for reducing
disulfides in the cytosol (Lu and Holmgren, 2014). TrxR binds
FAD, allowing it to accept electrons from NADPH. The resultant
FADH then reduces an intramolecular disulfide within TrxR, and
the electrons are eventually transferred to the small redox-active
protein thioredoxin. Reduced thioredoxin is capable of
interacting with and reducing disulfide bonded thiols.
Reducing disulfides in the cytosol prevents protein aggregation
and promotes proper protein localization. There is considerable
overlap among the glutathione and thioredoxin pathways, and
loss of either pathway alone is generally well-tolerated (Miller and
Schmidt, 2019).

The effects of the Trx system extend to the ER, with cytosolic
TrxR1 surprisingly being required for reducing non-native
disulfides during oxidative folding in the ER (Poet et al.,
2017). Further analysis in an in vitro reconstituted system
determined that an as-yet unidentified ER membrane protein
or proteins are required for Trx and TrxR1 to exert their effects on
ER disulfide reduction (Cao et al., 2020; Van Lith et al., 2021). Its
proteinaceous nature was determined by showing that the ability
of Trx to mediate the reduction of lumenal components was
protease-sensitive. Because such a protein must facilitate the net
transfer of reducing equivalents across the ER membrane, the
most likely mechanism is a protein or protein complex for which
reduction by Trx in the cytosol elicits a conformational change
that allows the electrons to be shuttled intramolecularly to a
lumenal disulfide. The oxidation status of such a protein should
change in a Trx-dependent manner, and loss of that protein
should make the ER more oxidizing. One potential candidate is
LMF1, which is an ER-resident transmembrane protein that
facilitates the maturation and secretion of lipoprotein lipase.
LMF1 deletion indeed rendered the ER more oxidizing (and
compromised LPL secretion) (Roberts et al., 2018). LMF1
contains three cytosolically disposed cysteines, two of which
are in a juxtamembrane region and so might be best
positioned to transmit changes in oxidation status across the
membrane—though such a role is currently purely speculative.
Nonetheless, this evidence further implicates NADPH—and by
extension metabolic flux—in ER homeostasis. While reduction of
non-native disulfides is essential, the possibility that excess
NADPH production causes reduction of native disulfides
cannot be excluded.

The Trx system is also linked to changes in metabolism and
the progression of metabolic disease, which could also be directly
or indirectly related to ER function. Obese individuals (Heinonen
et al., 2015) and genetically obese (ob/ob) mice exhibit elevated
TrxR activity in the liver and adipose tissue (Rojanathammanee
et al., 2014). In contrast, dietary models of obesity led to TrxR2
upregulation in muscle (Fisher-Wellman et al., 2013), but

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814211

Gansemer and Rutkowski Pathways From NADPH to the ER

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


decreased TrxR and Trx in the liver (Qin H. et al., 2014). To the
extent that the Trx system impinges on ER function, ER
homeostasis is likely to be sensitive to metabolic fluxes
through this pathway. The apparent discrepancy between the
dietary and genetic models, and how overnutrition would then
affect ER homeostasis through the Trx system, might be due to
the different ways that the two models induce obesity. Animals
fed high fat or western diets consume more calories, but do not
necessarily exhibit hyperphagia, whereas ob/ob animals consume
more calories because of hyperphagia. Since the simple act of
feeding induces ER stress independent of dietary fat content, at
least in the liver (Gomez and Rutkowski, 2016), it is possible that
the consequences of obesity on ER function depend on whether
or not the stimulus is experienced as accelerated feeding and
fasting cycles, as in ob/ob mice, or as more calorically potent
episodes of feeding with relatively normal frequency.

NADPH Oxidases
The NADPH oxidases (NOX) are six-pass transmembrane
proteins that transfer electrons from NADPH across a
membrane to molecular oxygen, ultimately generating ROS in
the form of superoxide or H2O2 (Panday et al., 2015). All NOX
enzymes have C-terminal cytosolic NADPH binding domains,
and an FAD domain between the NADPH binding domain and
the first transmembrane domain. NOX enzymes are functionally
similar to GR, employing FAD binding to transfer electrons from
NADPH. However, NOX enzymes contain heme-binding
histidine residues within the third and fifth transmembrane
domains that can accept electrons before transferring them to
oxygen on the opposite, exofacial or lumenal side of the
membrane. There are five NOX enzymes (NOX1-5) and two
closely related dual oxidases (DUOX1/2), which contain an
NADPH oxidase domain and a peroxidase domain. The NOX
enzymes are functionally regulated by protein-protein
interactions, with the interaction between NOX and p22phox
being conserved for NOX1-4 (Brandes et al., 2014). NOX5 and
DUOX1/2 are regulated by calcium instead of protein-protein
interactions. The membrane topology of NOX proteins also
influences their activity. Both the N- and C-termini are
thought to be cytosolic, which is essential because of the
reliance of these enzymes on cytosolic components such as
p47phox, p40phox, p67phox, and Rac for activation (Dusi
et al., 1996). This topology favors the use of cytosolic NADPH
by NOX enzymes. NOX1-3 and DOUX1/2 are localized to the
plasma membrane, whereas NOX4 has been identified in the ER
and mitochondrial membranes, and in the nucleus (Kuroda et al.,
2005; Laurindo et al., 2014; Shanmugasundaram et al., 2017).
Little is known about NOX5, but it is reportedly localized to
organellar membranes in the absence of stimulation and traffics
to the plasma membrane in the presence of phosphatidylinositol
4,5-biphosphate (Kawahara and Lambeth, 2008).

As transmembrane proteins, NOX enzymes are synthesized
and processed, and heme is incorporated, at the ER (Wallach and
Segal, 1997) (Isogai et al., 1995). The UPR reportedly upregulates
NOX4, which is unsurprising because NOX enzymes are
commonly regulated at the transcriptional level (Laurindo
et al., 2014; Bettaieb et al., 2015). This upregulation implies

that there is a functional benefit to the ER in inducing NOX4
activity. It is plausible that the UPR activates NOX4 as a means to
promote protein oxidation by generating H2O2 for PDI
reoxidation by PRDX4 and GPx7/8 (Figure 1). Such a role
would be consistent with the fact that the UPR also
upregulates ERO1α expression, suggesting that augmenting ER
oxidative folding is part of the UPR adaptive program.
Alternatively, it is possible that, in the face of unremitting
stress, such augmentation might be cytotoxic due to the ROS
burden (Li et al., 2009; Li G. et al., 2010). Additionally, NOX4
plays a role in sustaining UPR activity by activating the PERK
pathway (Sciarretta et al., 2013; Sun et al., 2021). Sustained PERK
activation could explain why NOX4 is implicated in liver and
adipose tissue inflammation, though this has not been directly
tested.

The role of NOX4 in obesity and overnutrition remains
controversial. The consensus is that increased NOX4
contributes to or exacerbates obesity and obesity-related
phenotypes, which was derived from observed increases in
NOX4 in adipose tissue, muscle, and liver during
overnutrition. However, studies have found that deleting
NOX4 can either exacerbate or attenuate obesity and obesity-
related phenotypes, depending on the model system: Liver-
specific deletion/inhibition of NOX4 decreased inflammation
and fibrosis (Jiang et al., 2012; Lan et al., 2015). Similarly,
adipocyte-specific deletion attenuated inflammation and
delayed the onset of insulin resistance in diet-induced obesity.
On the other hand, global deletion predisposed mice to diet-
induced obesity and hepatic lipid accumulation (Li et al., 2012).

NOX4 also appears to affect cell proliferation. NOX4 deletion
accelerated hepatocyte proliferation after partial hepatectomy
(Herranz-Itúrbide et al., 2021)—which is an essential
component of the response—but also accelerated proliferation
and migration in hepatocellular carcinoma (Crosas-Molist et al.,
2014), suggesting that inhibiting NOX4 could exacerbate the
progression of liver disease associated with obesity. Similarly,
NOX4 regulates the balance between adipocyte differentiation
and proliferation, with NOX4 deficiency promoting proliferation
and decreasing insulin-induced differentiation (Schröder et al.,
2009). Whether these effects arise from an altered ER lumenal
redox environment has not been tested.

PATHWAYS BY WHICH ALTERED
ENDOPLASMIC RETICULUM REDOX CAN
AFFECT ENDOPLASMIC RETICULUM
HOMEOSTASIS

By generating NADPH and its associated reducing power,
nutrient catabolism can be expected to set in motion pathways
that ultimately influence the ER redox state: production of GSH
which can be directly imported into the ER; reduction of
thioredoxin, which can lead to reduction of lumenal proteins
through a transmembrane intermediate; and activation of NOX4
to generate lumenal H2O2, which would in contrast favor
oxidation in the lumen by supplying H2O2 for PRDX4 and
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GPx7/8. Our data show that suppressing production of NADPH
leaves the ER more oxidizing (or, to be more precise, more
resistant to reduction) and, consequently, more resistant to an
exogenous ER stressor (Gansemer et al., 2020). In broad terms,
this finding suggests that dysregulation of metabolic pathways, as
occurs in obesity, is likely to affect how well the ER can withstand
challenges. But, even more intriguingly, it raises the possibility
that ER redox and protein processing capacity fluctuate in
tandem with feeding and fasting cycles. In the simplest
scenario, the ER would be more oxidizing during fasting
conditions and more reducing upon nutrient intake and
catabolism; thus, disulfides on ER client proteins would form
more readily during fasting, and be reduced or isomerized more
readily during feeding. It might be expected, then, that nutrient
intake would benefit the maturation of ER client proteins with
nonconsecutive disulfide bonds such as antithrombin or the LDL
receptor (Chandrasekhar et al., 2016; Kadokura et al., 2020) and
perhaps compromise or delay the maturation of proteins with
consecutive disulfides such as albumin. However, these two
straightforward predictions—that nutrient intake will make the
ER less oxidizing and that disulfide bonds will then form less
readily—have not to our knowledge been tested. Moreover, it is
conceivable that whether this relationship holds true or not will
depend on how metabolically active a given cell type is, with cell
types such as hepatocytes, adipocytes, and myocytes, which are
highly metabolically active, beingmore sensitive to nutrient fluxes
than less active cell types like fibroblasts (Frayn et al., 2006).

Beyond having potentially direct effects on the oxidation of ER
client proteins, ER redox can also impact homeostasis in the
organelle indirectly. This effect arises because the proteinaceous
machinery within the ER has evolved to work optimally within
the highly oxidizing ER lumen, and contains reactive thiols that
allow their activity to be modulated when ER redox is perturbed.
Three pathways in particular—ERAD, calcium storage, and UPR
signaling—have received particular attention.

Endoplasmic Reticulum-Associated
Degradation
ERAD involves the recognition of terminally misfolded ER client
proteins and their dislocation through a channel into the cytosol for
destruction. It is thought that substrate reduction is a prerequisite for
degradation, and ERAD substrates have long been known to
associate with thiol isomerases including ERp90, ERp57, and PDI
(Gillece et al., 1999; Tsai et al., 2001; Schelhaas et al., 2007). More
recently, the thiol isomerase ERdj5 has emerged as an important
reductase for misfolded proteins. ERdj5 interacts with the ER
chaperone BiP through its J-domain and with ERAD client
proteins and the ER mannosidase EDEM through its thioredoxin
domains (Ushioda et al., 2008; Hagiwara et al., 2011). EDEM trims
N-glycan structures onmisfolded proteins, allowing them to interact
with lectins such as OS9 that shuttle such proteins to the ERAD
machinery (Määttänen et al., 2010). Thus, it is thought that ERdj5
recognizes misfolded substrates by virtue of their association with
EDEM, reduces them, and then transfers them to the ERAD
machinery. Further, ERdj5 can also recognize and reduce non-
glycoproteins (Ushioda et al., 2013) and EDEM itself is also

capable of recognizing misfolded proteins through thiol-mediated
interactions apart from carbohydrate binding (Lamriben et al.,
2018). ERdj5 was shown to be essential for correct disulfide bond
formation on the LDL receptor (Oka et al., 2013). The apparent
redox equilibrium constant of ERdj5 is approximately 100-fold
higher than that of the ER at large (Ushioda et al., 2008); in
other words, under the normal redox conditions of the ER
lumen, ERdj5 exists almost exclusively in the oxidized form and
acts only as a reductase. Reduction of ERdj5 by some other
component—as yet unknown—would drive the reductive activity
of ERdj5 toward its substrate so that it could return to its more stable
oxidized form. This unique feature of ERdj5 is likely a consequence
of the C-X-P-C motif in its thioredoxin domains (Roos et al., 2007).
Whether ERdj5 activity is altered by nutrient fluxes has not been
tested. EDEM also forms a mixed disulfide bond with the thiol
isomerase ERp46, which was required for substrate mannose
trimming (Yu et al., 2018).

Calcium Storage
Another major role of the ER is calcium storage and regulated
release. The Sarco/Endoplasmic calcium ATPase (SERCA) proteins
are responsible for importing calcium into the ER from the cytosol
against its steep concentration gradient. The IP3 receptor (IP3R) and
ryanodine receptor (RyR) control its regulated release. ER calcium
depletion has long been recognized as an ER stressor (Price et al.,
1992; Li et al., 1993). Many ER chaperones bind calcium with low
affinity, and function optimally in the high calcium conditions of the
ER lumen. More specifically, it was recently shown that calcium
increases the affinity of BiP for ADP, so that high calcium promotes
substrate retention by BiP while low calcium promotes release of
(potentially unfolded) substrate (Preissler et al., 2020). The activities
of SERCA, IP3R, and RyR have all been shown to be redox sensitive;
these regulatory steps are well-reviewed in (Appenzeller-Herzog and
Simmen, 2016; Chernorudskiy and Zito, 2017). Redox regulation of
SERCA is the best-studied of these.

SERCA can be redox-regulated from both the cytosolic and
lumenal sides of the ER membrane. In the cytosol, reducing
conditions favor SERCA glutathionylation and an increase in
activity (Adachi et al., 2004), while oxidizing conditions cause
sulfonation and impair SERCA activity (Qin et al., 2013; Qin F.
et al., 2014). In the lumen, SERCA contains a regulatory disulfide
that can be oxidized by ERp57, decreasing SERCA activity (Tong
et al., 2010). This process is regulated in the ER by calreticulin under
conditions of high calcium, comprising a negative feedback loop to
prevent overfilling of calcium. SERCA can also be inactivated by the
thioredoxin-related transmembrane protein TMX1 (Raturi et al.,
2016). The disulfide can be reduced by ERdj5 (Ushioda et al., 2016)
or selenoprotein N (SEPN1/SELENON) (Marino et al., 2015).
SELENON forms disulfide-linked homo-oligomers that dissociate
when ER calcium is depleted, and interact via a disulfide bridge with
SERCA2 (Chernorudskiy et al., 2020). Thus, just as elevated ER
calcium acts through a redox relay to inhibit SERCA, low ER calcium
activates it. SELENON also retards the reoxidation of PDI when
ERO1 is absent (Pozzer et al., 2019), hinting that SELENON plays a
larger role in the maintenance of ER redox. SERCA activity is also
maintained by the ER lectin chaperone calnexin, which maintains a
basal level of oxidation of SERCA that is required for its activity.
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When this regulation is compromised, the ER and mitochondria
become much more closely apposed, and mitochondrial catabolic
activity is diminished (Gutiérrez et al., 2020). How calnexin
accomplishes this regulation is unclear, though NOX4 might be
involved (Prior et al., 2016).

SERCA expression and activity showed a circadian oscillation
in rat liver when food intake was restricted (Báez-Ruiz et al.,
2013), hinting at possible metabolic regulation. Likewise, a
luciferase reporter that is released from the ER and secreted
upon ER calcium depletion (Henderson et al., 2014) pointed to
possible disruptions to ER calcium homeostasis in the livers of
rats fed high fat diets (Wires et al., 2017). Consistent with this
idea, more recently obesity was found to inhibit SERCA in the
liver; this effect was attributed to alterations in cellular lipid
composition (Fu et al., 2011) SERCA activity can also be regulated
by metabolites like glucose-6-phosphate (Cole et al., 2012) and
phosphoenolpyruvate (Ho et al., 2015). Yet by and large, the
molecular mechanisms linking metabolism to SERCA activity,
and whether they are mediated through the ER redox pathways
described above, are not clear.

Unfolded Protein Response Signaling
In addition to the redox effects of NADPH affecting ER protein
folding, they might also affect the sensitivity of the ER-resident
UPR stress sensors, in effect uncoupling UPR signaling from the
ER folding environment. ATF6 contains intrachain disulfide bonds
that must be reduced by the PDI family member PDIA5 during ER
stress in order for ATF6 to be activated. However, an interchain
disulfide must then form; both the reduction and oxidation steps
are required for ATF6 activation (Nadanaka et al., 2007; Higa et al.,
2014; Oka et al., 2022). In the absence of ER stress, the status of the
lumenal cysteines in both IRE1 and PERK is unknown. During ER
stress, interchain disulfide formation facilitates IRE1 activation,
and reduction by another PDI family member, PDIA6, is required
for deactivation (Li H. et al., 2010; Eletto et al., 2014b). IRE1 is also
susceptible to the oxidative modifications nitrosylation and
sulfenylation, which can disrupt IRE1 kinase activity and
preferentially activate the antioxidant response (Yang et al.,
2015; Hourihan et al., 2016). Little is known about the role of
the lumenal cysteines in PERK activation, though dimerization and
reduction contribute to activation and inactivation, respectively
(Eletto et al., 2014a; Kranz et al., 2017). In theory, a hyperoxidizing
ER could preferentially sustain IRE1 and PERK activity, while
preventing activation of ATF6. Therefore, changes in redox could
impact sensitivity to other ER stressors. For example, an increase in
oxidizing equivalents could induce IRE1 and PERK independently
of the folding status of ER client proteins, which might then
diminish the ability of IRE1 and PERK to sense bona fide ER
stress.Whether suchmodulation of sensor activation would benefit
the ER or not remains less clear.

CONCLUSION AND PERSPECTIVES

This review aimed to highlight the mechanisms by which
NADPH could act as a bridge between nutrient availability
and ER protein processing. In simplistic terms, we propose

that increased nutrient catabolism drives NADPH production,
which in turn renders the ER hypo-oxidizing, likely through the
glutathione and possibly thioredoxin pathways. Because NADPH
regulates redox homeostasis across subcellular compartments,
and the various pools appear to interact, it is difficult to fully
disentangle the degree of influence each pool has on ER function.
Furthermore, identifying the major pathway linking NADPH and
ER function is complicated by the fact that NADPH regulates
three major redox pathways: glutathione, thioredoxin, and NOX
enzymes, each of which interacts—either directly or
indirectly—with protein folding machinery in the ER. A major
question moving forward is the degree to which these three
pathways act redundantly versus uniquely on the ER oxidation
capacity. While glutathione was once thought to be the major
driver of ER oxidative folding, more recently a functional role for
GSSG in the ER lumen has fallen out of favor, as impairment of
glutathione synthesis in yeast (Frand and Kaiser, 1998) and ER
glutathione depletion in mammalian cells (Tsunoda et al., 2014)
failed to compromise ER protein oxidation. However, the
observation that inhibition or knockdown of GR diminishes
ER stress and that knockdown or inhibition of GPx1 causes it
(Gansemer et al., 2020) argues that, at least in hepatocytes, GSSG
plays some functional role within the ER lumen. Whether this
role is direct or indirect awaits measurement of the GSSG
concentration specifically in the ER lumen when GR is
inhibited, as well as its effect on the oxidation of nascent ER
client proteins. Likewise, whether similar protection from ER
stress can be phenocopied by inhibition of TrxR or NOX4
remains to be determined.

There is also the question of whether ER function is benefited
by more oxidizing or more reducing conditions—or whether this
depends on cell type—and how a hyper- or hypo-oxidizing ER is
interpreted by the cell (or not) as ER stress. With a role for GSSG
in protein oxidation being currently disfavored, it is now thought
that a primary role of glutathione is to provide reducing
equivalents for the breaking of non-native disulfides
(Delaunay-Moisan et al., 2017; Ellgaard et al., 2018). One
purpose of this reduction would be to maintain PDI in the
reduced state, which is the configuration required for it to
isomerize disulfide bonds. Reduction can also be in the service
of ER-associated degradation, which requires client proteins to be
reduced prior to their dislocation from the ER lumen to the
cytosol prior to proteasomal disposal (Ushioda et al., 2008;
Hagiwara and Nagata, 2012). For these reasons, it would seem
that hyperoxidizing conditions in the ER could be more
detrimental to ER function that hypooxidizing conditions,
because the former could potentially trap proteins in non-
native disulfide bonded forms, preventing their proper folding
or degradation. Yet despite the appeal of this logic, reducing
agents remain much more potent ER stress-inducing agents (or,
more precisely, UPR activating agents) than do treatments that
oxidize the ER. This discrepancy raises the question of whether a
hypo-oxidizing ER is therefore a more profound disruptor of ER
function, or if UPR activation simply responds more readily to a
hypo-oxidizing ER than to a hyper-oxidizing one, even if both
perturb protein folding and processing. Or are the UPR sensors
themselves redox regulated in a way that dissociates their
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activation from true ER folding conditions during redox
alterations? Or are all of these possibilities true at some level,
depending on the cell type and nutritional conditions? These
questions require the analysis of a broad range of ER client
proteins, in an array of different cell types, and how their
biogenesis, secretion, and degradation, and UPR activation are
influenced by the cellular redox state.

There is also the question of how redox signals are exchanged
across membranes. Of particular interest are IDH1 and IDH2,
which catalyze the same NADPH-generating reaction but in the
cytosol and mitochondria, respectively. When TCA cycle flux is
high, is IDH2 the primary NADPH generator since it is housed
within the mitochondrial matrix, or is citrate or isocitrate
exported from the mitochondria to feed IDH1 activity? If
IDH2 is active while IDH1 is inactive, is the GSH that is
generated in the mitochondria nonetheless exported to the
cytosol, such that it will be elevated in both compartments?
And, likewise, if IDH1 is active, is GSH then imported into
mitochondria, or is the elevation of GSH restricted to the cytosol?
And does the location of GSH elevation affect its ability to
influence the ER lumenal redox environment? One might
imagine that cytosolic elevation of GSH would more readily
affect ER lumenal redox than would mitochondrial GSH
elevation because of the additional barrier posed by the
mitochondrial membranes. However, if glutathione can be
readily exchanged between mitochondria and the ER at
mitochondrial-ER contact sites, then, paradoxically, IDH2
activity might more readily influence ER redox than IDH1.
Alternatively, perhaps changes to glutathione in redox are
readily transmitted across all three compartments
(mitochondria, bulk cytosol, and ER) by mass action. In this
case, it would be expected that the promotion of ER oxidative
folding in the ER and the defense against reactive oxygen species
in the cytosol would be fundamentally competing processes. The
availability of compartment-specific biosensors for NADPH/
NADP+ and GSSG/GSH (Gutscher et al., 2008; Tao et al.,
2017; Sallin et al., 2018) will be indispensable in sorting
among these possibilities.

Finally, why has evolution selected for a UPR that responds
to metabolites produced by catabolism? One intriguing
possibility is that the ER stress elicited by a single feeding

event is by itself not sufficiently strong or long-lasting to
cause significant real disruption to ER function, but is merely
robust enough to activate the UPR in anticipation of the
increased protein biogenesis load caused by mTOR activation
during the postprandial period. In this view, NADPH and, by
extension, GSH, are essentially sentinel molecules that warn
the ER machinery of impending stress. If this were the case,
then impairment of either NADPH production or glutathione
reduction, even though it protects the ER against stresses
applied contemporaneously (Gansemer et al., 2020), might
actually sensitize the ER to stresses, such as increased protein
biogenesis, that occur later. Examining in animals whether
loss of enzymes such as IDH1/2 or GR is protective or
sensitizing against pharmacological ER stresses on one
hand, and overnutrition on the other, are needed to test
this idea.

Delimited by its own membrane enclosure, it is easy to view
the ER as detached from the goings-on of the cell around it. But
because metabolism and redox are the fundamental chemistries
of life, it is almost inevitable that the ER should be responsive to
these pathways. Indeed, the need to adapt ER function to
metabolic fluxes might have been the driving force for
evolution of the UPR to begin with; the selective pressure was
assuredly not a need to respond to agents like tunicamycin. With
new methodologies for tracking metabolic fluxes and localization
of redox-active metabolites, the linkages of these two processes
can now be probed and unveiled.

AUTHOR CONTRIBUTIONS

ERG wrote the initial draft and generated all figures. ERG and
DTR performed revisions. Both authors read and approved the
final version.

FUNDING

ERG: F31 DK130250, T32 GM067795, DTR: R01 GM115424,
University of Iowa, Fraternal Order of Eagles Diabetes Research
Center, Pilot and Feasibility Grant.

REFERENCES

Adachi, T., Weisbrod, R. M., Pimentel, D. R., Ying, J., Sharov, V. S., Schöneich, C.,
et al. (2004). S-glutathiolation by Peroxynitrite Activates SERCA during
Arterial Relaxation by Nitric Oxide. Nat. Med. 10, 1200–1207. doi:10.1038/
nm1119

Allen, S., Naim, H. Y., and Bulleid, N. J. (1995). Intracellular Folding of Tissue-type
Plasminogen Activator. J. Biol. Chem. 270, 4797–4804. doi:10.1074/jbc.270.9.
4797

Anderson, D. D., Quintero, C. M., and Stover, P. J. (2011). Identification of a De
Novo Thymidylate Biosynthesis Pathway in Mammalian Mitochondria. Proc.
Natl. Acad. Sci. U.S.A. 108, 15163–15168. doi:10.1073/pnas.1103623108

Appenzeller-Herzog, C., and Ellgaard, L. (2008). The Human PDI Family:
Versatility Packed into a Single Fold. Biochim. Biophys. Acta (Bba) - Mol.
Cel Res. 1783, 535–548. doi:10.1016/j.bbamcr.2007.11.010

Appenzeller-Herzog, C. (2011). Glutathione- and Non-glutathione-based Oxidant
Control in the Endoplasmic Reticulum. J. Cel Sci 124, 847–855. doi:10.1242/jcs.
080895

Appenzeller-Herzog, C., Riemer, J., Christensen, B., Sørensen, E. S., and Ellgaard, L.
(2008). A Novel Disulphide Switch Mechanism in Ero1α Balances ER
Oxidation in Human Cells. Embo j 27, 2977–2987. doi:10.1038/emboj.2008.202

Appenzeller-Herzog, C., and Simmen, T. (2016). ER-luminal Thiol/selenol-
Mediated Regulation of Ca2+ Signalling. Biochem. Soc. Trans. 44, 452–459.
doi:10.1042/bst20150233

Aronson, D. E., Costantini, L. M., and Snapp, E. L. (2011). Superfolder GFP Is
Fluorescent in Oxidizing Environments when Targeted via the Sec Translocon.
Traffic 12, 543–548. doi:10.1111/j.1600-0854.2011.01168.x

Arruda, A. P., Pers, B. M., Parlakgül, G., Güney, E., Inouye, K., and Hotamisligil, G.
S. (2014). Chronic Enrichment of Hepatic Endoplasmic Reticulum-
Mitochondria Contact Leads to Mitochondrial Dysfunction in Obesity. Nat.
Med. 20, 1427–1435. doi:10.1038/nm.3735

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814215

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1038/nm1119
https://doi.org/10.1038/nm1119
https://doi.org/10.1074/jbc.270.9.4797
https://doi.org/10.1074/jbc.270.9.4797
https://doi.org/10.1073/pnas.1103623108
https://doi.org/10.1016/j.bbamcr.2007.11.010
https://doi.org/10.1242/jcs.080895
https://doi.org/10.1242/jcs.080895
https://doi.org/10.1038/emboj.2008.202
https://doi.org/10.1042/bst20150233
https://doi.org/10.1111/j.1600-0854.2011.01168.x
https://doi.org/10.1038/nm.3735
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Atanasov, A. G., Nashev, L. G., Schweizer, R. A. S., Frick, C., and Odermatt, A.
(2004). Hexose-6-phosphate Dehydrogenase Determines the Reaction
Direction of 11β-Hydroxysteroid Dehydrogenase Type 1 as an
Oxoreductase. FEBS Lett. 571, 129–133. doi:10.1016/j.febslet.2004.06.065

Avezov, E., Cross, B. C. S., Kaminski Schierle, G. S., Winters, M., Harding, H. P.,
Melo, E. P., et al. (2013). Lifetime Imaging of a Fluorescent Protein Sensor
Reveals Surprising Stability of ER Thiol Redox. J. Cel Biol 201, 337–349. doi:10.
1083/jcb.201211155

Báez-Ruiz, A., Cázares-Gómez, K., Vázquez-Martínez, O., Aguilar-Roblero, R., and
Díaz-Muñoz, M. (2013). Diurnal and Nutritional Adjustments of Intracellular
Ca2+ Release Channels and Ca2+ ATPases Associated with Restricted Feeding
Schedules in the Rat Liver. J. Circadian Rhythms 11, 8.

Benham, A. M., Cabibbo, A., Fassio, A., Bulleid, N., Sitia, R., and Braakman, I.
(2000). The CXXCXXC Motif Determines the Folding, Structure and Stability
of Human Ero1-Lalpha. Embo j 19, 4493–4502. doi:10.1093/emboj/19.17.4493

Bettaieb, A., Jiang, J. X., Sasaki, Y., Chao, T.-I., Kiss, Z., Chen, X., et al. (2015).
Hepatocyte Nicotinamide Adenine Dinucleotide Phosphate Reduced Oxidase 4
Regulates Stress Signaling, Fibrosis, and Insulin Sensitivity during Development
of Steatohepatitis in Mice. Gastroenterology 149, 468–480. e410. doi:10.1053/j.
gastro.2015.04.009

Birk, J., Meyer, M., Aller, I., Hansen, H. G., Odermatt, A., Dick, T. P., et al. (2013).
Endoplasmic Reticulum: Reduced andOxidized Glutathione Revisited. J. Cel Sci
126, 1604–1617. doi:10.1242/jcs.117218

Björnstedt, M., Xue, J., Huang, W., Akesson, B., and Holmgren, A. (1994). The
Thioredoxin and Glutaredoxin Systems Are Efficient Electron Donors to
Human Plasma Glutathione Peroxidase. J. Biol. Chem. 269, 29382–29384.

Booth, D. M., Várnai, P., Joseph, S. K., and Hajnóczky, G. (2021). Oxidative Bursts
of Single Mitochondria Mediate Retrograde Signaling toward the ER. Mol. Cel
81, 3866–3876. e3862. doi:10.1016/j.molcel.2021.07.014

Booty, L. M., King, M. S., Thangaratnarajah, C., Majd, H., James, A. M., Kunji, E. R.
S., et al. (2015). The Mitochondrial Dicarboxylate and 2-oxoglutarate Carriers
Do Not Transport Glutathione. FEBS Lett. 589, 621–628. doi:10.1016/j.febslet.
2015.01.027

Bost, F., Aouadi, M., Caron, L., and Binétruy, B. (2005). The Role of MAPKs in
Adipocyte Differentiation and Obesity. Biochimie 87, 51–56. doi:10.1016/j.
biochi.2004.10.018

Braakman, I., and Bulleid, N. J. (2011). Protein Folding and Modification in the
Mammalian Endoplasmic Reticulum. Annu. Rev. Biochem. 80, 71–99. doi:10.
1146/annurev-biochem-062209-093836

Brandes, R. P., Weissmann, N., and Schröder, K. (2014). Nox Family NADPH
Oxidases: Molecular Mechanisms of Activation. Free Radic. Biol. Med. 76,
208–226. doi:10.1016/j.freeradbiomed.2014.07.046

Brigelius-Flohé, R., and Maiorino, M. (2013). Glutathione Peroxidases. Biochim.
Biophys. Acta 1830, 3289–3303.

Bulleid, N. J. (2012). Disulfide Bond Formation in the Mammalian Endoplasmic
Reticulum. Cold Spring Harb Perspect. Biol. 4. doi:10.1101/cshperspect.a013219

Cabibbo, A., Pagani, M., Fabbri, M., Rocchi, M., Farmery, M. R., Bulleid, N. J., et al.
(2000). ERO1-L, a Human Protein that Favors Disulfide Bond Formation in the
Endoplasmic Reticulum. J. Biol. Chem. 275, 4827–4833.

Cao, X., Lilla, S., Cao, Z., Pringle, M. A., Oka, O. B. V., Robinson, P. J., et al. (2020).
The Mammalian Cytosolic Thioredoxin Reductase Pathway Acts via a
Membrane Protein to Reduce ER-Localised Proteins. J. Cel Sci 133. doi:10.
1242/jcs.241976

Caramelo, J. J., and Parodi, A. J. (2008). Getting in and Out from Calnexin/
calreticulin Cycles. J. Biol. Chem. 283, 10221–10225. doi:10.1074/jbc.
r700048200

Chakravarthi, S., Jessop, C. E., Willer, M., Stirling, C. J., and Bulleid, N. J. (2007).
Intracellular Catalysis of Disulfide Bond Formation by the Human Sulfhydryl
Oxidase, QSOX1. Biochem. J. 404, 403–411. doi:10.1042/bj20061510

Chandrasekhar, K., Ke, H., Wang, N., Goodwin, T., Gierasch, L. M., Gershenson,
A., et al. (2016). Cellular Folding Pathway of a Metastable Serpin. Proc. Natl.
Acad. Sci. U.S.A. 113, 6484–6489. doi:10.1073/pnas.1603386113

Chen, L., Zhang, Z., Hoshino, A., Zheng, H. D., Morley, M., Arany, Z., et al. (2019).
NADPH Production by the Oxidative Pentose-Phosphate Pathway Supports
Folate Metabolism. Nat. Metab. 1, 404–415. doi:10.1038/s42255-019-0043-x

Chen, W., Helenius, J., Braakman, I., and Helenius, A. (1995). Cotranslational
Folding and Calnexin Binding during Glycoprotein Synthesis. Proc. Natl. Acad.
Sci. U.S.A. 92, 6229–6233. doi:10.1073/pnas.92.14.6229

Chen, Z., and Lash, L. H. (1998). Evidence for Mitochondrial Uptake of
Glutathione by Dicarboxylate and 2-oxoglutarate Carriers. J. Pharmacol.
Exp. Ther. 285, 608–618.

Chen, Z., Putt, D. A., and Lash, L. H. (2000). Enrichment and Functional
Reconstitution of Glutathione Transport Activity from Rabbit Kidney
Mitochondria: Further Evidence for the Role of the Dicarboxylate and 2-
oxoglutarate Carriers in Mitochondrial Glutathione Transport. Arch. Biochem.
Biophys. 373, 193–202. doi:10.1006/abbi.1999.1527

Chernorudskiy, A. L., and Zito, E. (2017). Regulation of Calcium Homeostasis by
ER Redox: A Close-Up of the ER/Mitochondria Connection. J. Mol. Biol. 429,
620–632. doi:10.1016/j.jmb.2017.01.017

Chernorudskiy, A., Varone, E., Colombo, S. F., Fumagalli, S., Cagnotto, A.,
Cattaneo, A., et al. (2020). Selenoprotein N Is an Endoplasmic Reticulum
Calcium Sensor that Links Luminal Calcium Levels to a Redox Activity. Proc.
Natl. Acad. Sci. U.S.A. 117, 21288–21298. doi:10.1073/pnas.2003847117

Chivers, P. T., Prehoda, K. E., and Raines, R. T. (1997). The CXXC Motif: a
Rheostat in the Active Site. Biochemistry 36, 4061–4066. doi:10.1021/bi9628580

Choi, S. H., and Ginsberg, H. N. (2011). Increased Very Low Density Lipoprotein
(VLDL) Secretion, Hepatic Steatosis, and Insulin Resistance. Trends Endocrinol.
Metab. 22, 353–363. doi:10.1016/j.tem.2011.04.007

Clarke, J. L., andMason, P. J. (2003). Murine Hexose-6-Phosphate Dehydrogenase:
a Bifunctional Enzyme with Broad Substrate Specificity and 6-
phosphogluconolactonase Activity. Arch. Biochem. Biophys. 415, 229–234.
doi:10.1016/s0003-9861(03)00229-7

Cohen, P., and Rosemeyer, M. A. (1969). Subunit Interactions of Glucose-6-
Phosphate Dehydrogenase from Human Erythrocytes. Eur. J. Biochem. 8, 8–15.
doi:10.1111/j.1432-1033.1969.tb00488.x

Cole, J. T., Kean,W. S., Pollard, H. B., Verma, A., andWatson,W. D. (2012). Glucose-6-
phosphate Reduces Calcium Accumulation in Rat Brain Endoplasmic Reticulum.
Front. Mol. Neurosci. 5, 51. doi:10.3389/fnmol.2012.00051

Costantini, L. M., and Snapp, E. L. (2013). Fluorescent Proteins in Cellular
Organelles: Serious Pitfalls and Some Solutions. DNA Cel Biol. 32, 622–627.
doi:10.1089/dna.2013.2172

Couto, N., Wood, J., and Barber, J. (2016). The Role of Glutathione Reductase and
Related Enzymes on Cellular Redox Homoeostasis Network. Free Radic. Biol.
Med. 95, 27–42. doi:10.1016/j.freeradbiomed.2016.02.028

Cracan, V., Titov, D. V., Shen, H., Grabarek, Z., and Mootha, V. K. (2017). A
Genetically Encoded Tool for Manipulation of NADP+/NADPH in Living
Cells. Nat. Chem. Biol. 13, 1088–1095. doi:10.1038/nchembio.2454

Crosas-Molist, E., Bertran, E., Sancho, P., López-Luque, J., Fernando, J., Sánchez,
A., et al. (2014). The NADPH Oxidase NOX4 Inhibits Hepatocyte Proliferation
and Liver Cancer Progression. Free Radic. Biol. Med. 69, 338–347. doi:10.1016/j.
freeradbiomed.2014.01.040

Cuozzo, J. W., and Kaiser, C. A. (1999). Competition between Glutathione and
Protein Thiols for Disulphide-Bond Formation. Nat. Cel Biol 1, 130–135.
doi:10.1038/11047

Daniels, R., Kurowski, B., Johnson, A. E., and Hebert, D. N. (2003). N-linked
Glycans Direct the Cotranslational Folding Pathway of Influenza
Hemagglutinin. Mol. Cel 11, 79–90. doi:10.1016/s1097-2765(02)00821-3

Darby, N. J., Kemmink, J., and Creighton, T. E. (1996). Identifying and
Characterizing a Structural Domain of Protein Disulfide Isomerase.
Biochemistry 35, 10517–10528. doi:10.1021/bi960763s

Delaunay-Moisan, A., Ponsero, A., and Toledano, M. B. (2017). Reexamining the
Function of Glutathione in Oxidative Protein Folding and Secretion. Antioxid.
Redox Signaling 27, 1178–1199. doi:10.1089/ars.2017.7148

Dezwaan-Mccabe, D., Sheldon, R. D., Gorecki, M. C., Guo, D.-F., Gansemer, E. R.,
Kaufman, R. J., et al. (2017). ER Stress Inhibits Liver Fatty Acid Oxidation while
Unmitigated Stress Leads to Anorexia-Induced Lipolysis and Both Liver and
Kidney Steatosis. Cel Rep. 19, 1794–1806. doi:10.1016/j.celrep.2017.05.020

Dias-Gunasekara, S., Gubbens, J., Van Lith, M., Dunne, C., Williams, J. A. G.,
Kataky, R., et al. (2005). Tissue-specific Expression and Dimerization of the
Endoplasmic Reticulum Oxidoreductase Ero1β. J. Biol. Chem. 280,
33066–33075. doi:10.1074/jbc.m505023200

Ducker, G. S., and Rabinowitz, J. D. (2017). One-CarbonMetabolism in Health and
Disease. Cel Metab. 25, 27–42. doi:10.1016/j.cmet.2016.08.009

Dugaiczyk, A., Law, S. W., and Dennison, O. E. (1982). Nucleotide Sequence and
the Encoded Amino Acids of Human Serum Albumin mRNA. Proc. Natl. Acad.
Sci. U.S.A. 79, 71–75. doi:10.1073/pnas.79.1.71

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814216

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1016/j.febslet.2004.06.065
https://doi.org/10.1083/jcb.201211155
https://doi.org/10.1083/jcb.201211155
https://doi.org/10.1093/emboj/19.17.4493
https://doi.org/10.1053/j.gastro.2015.04.009
https://doi.org/10.1053/j.gastro.2015.04.009
https://doi.org/10.1242/jcs.117218
https://doi.org/10.1016/j.molcel.2021.07.014
https://doi.org/10.1016/j.febslet.2015.01.027
https://doi.org/10.1016/j.febslet.2015.01.027
https://doi.org/10.1016/j.biochi.2004.10.018
https://doi.org/10.1016/j.biochi.2004.10.018
https://doi.org/10.1146/annurev-biochem-062209-093836
https://doi.org/10.1146/annurev-biochem-062209-093836
https://doi.org/10.1016/j.freeradbiomed.2014.07.046
https://doi.org/10.1101/cshperspect.a013219
https://doi.org/10.1242/jcs.241976
https://doi.org/10.1242/jcs.241976
https://doi.org/10.1074/jbc.r700048200
https://doi.org/10.1074/jbc.r700048200
https://doi.org/10.1042/bj20061510
https://doi.org/10.1073/pnas.1603386113
https://doi.org/10.1038/s42255-019-0043-x
https://doi.org/10.1073/pnas.92.14.6229
https://doi.org/10.1006/abbi.1999.1527
https://doi.org/10.1016/j.jmb.2017.01.017
https://doi.org/10.1073/pnas.2003847117
https://doi.org/10.1021/bi9628580
https://doi.org/10.1016/j.tem.2011.04.007
https://doi.org/10.1016/s0003-9861(03)00229-7
https://doi.org/10.1111/j.1432-1033.1969.tb00488.x
https://doi.org/10.3389/fnmol.2012.00051
https://doi.org/10.1089/dna.2013.2172
https://doi.org/10.1016/j.freeradbiomed.2016.02.028
https://doi.org/10.1038/nchembio.2454
https://doi.org/10.1016/j.freeradbiomed.2014.01.040
https://doi.org/10.1016/j.freeradbiomed.2014.01.040
https://doi.org/10.1038/11047
https://doi.org/10.1016/s1097-2765(02)00821-3
https://doi.org/10.1021/bi960763s
https://doi.org/10.1089/ars.2017.7148
https://doi.org/10.1016/j.celrep.2017.05.020
https://doi.org/10.1074/jbc.m505023200
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1073/pnas.79.1.71
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Dusi, S., Donini, M., and Rossi, F. (1996). Mechanisms of NADPH Oxidase
Activation: Translocation of P40phox, Rac1 and Rac2 from the Cytosol to
theMembranes in HumanNeutrophils Lacking P47phox or P67phox. Biochem.
J. 314 ( Pt 2) (Pt 2), 409–412. doi:10.1042/bj3140409

Eggleston, L. V., and Krebs, H. A. (1974). Regulation of the Pentose Phosphate
Cycle. Biochem. J. 138, 425–435. doi:10.1042/bj1380425

Eletto, D., Chevet, E., Argon, Y., and Appenzeller-Herzog, C. (2014a). Redox
Controls UPR to Control Redox. J. Cel Sci 127, 3649–3658. doi:10.1242/jcs.
153643

Eletto, D., Eletto, D., Dersh, D., Gidalevitz, T., and Argon, Y. (2014b). Protein
Disulfide Isomerase A6 Controls the Decay of IRE1α Signaling via
Disulfide-dependent Association. Mol. Cel 53, 562–576. doi:10.1016/j.
molcel.2014.01.004

Ellgaard, L., Mccaul, N., Chatsisvili, A., and Braakman, I. (2016). Co- and Post-
Translational Protein Folding in the ER. Traffic 17, 615–638. doi:10.1111/tra.
12392

Ellgaard, L., and Ruddock, L.W. (2005). The Human Protein Disulphide Isomerase
Family: Substrate Interactions and Functional Properties. EMBO Rep. 6, 28–32.
doi:10.1038/sj.embor.7400311

Ellgaard, L., Sevier, C. S., and Bulleid, N. J. (2018). How Are Proteins Reduced in
the Endoplasmic Reticulum? Trends Biochem. Sci. 43, 32–43. doi:10.1016/j.tibs.
2017.10.006

Esworthy, R. S., Ho, Y.-S., and Chu, F.-F. (1997). TheGpx1Gene Encodes
Mitochondrial Glutathione Peroxidase in the Mouse Liver. Arch. Biochem.
Biophys. 340, 59–63. doi:10.1006/abbi.1997.9901

Fan, J., Ye, J., Kamphorst, J. J., Shlomi, T., Thompson, C. B., and Rabinowitz, J. D.
(2014). Quantitative Flux Analysis Reveals Folate-dependent NADPH
Production. Nature 510, 298–302. doi:10.1038/nature13236

Fisher-Wellman, K. H., Mattox, T. A., Thayne, K., Katunga, L. A., La Favor, J. D.,
Neufer, P. D., et al. (2013). Novel Role for Thioredoxin Reductase-2 in
Mitochondrial Redox Adaptations to Obesogenic Diet and Exercise in Heart
and Skeletal Muscle. J. Physiol. 591, 3471–3486. doi:10.1113/jphysiol.2013.
254193

Forman, H. J., Zhang, H., and Rinna, A. (2009). Glutathione: Overview of its
Protective Roles, Measurement, and Biosynthesis. Mol. Aspects Med. 30, 1–12.
doi:10.1016/j.mam.2008.08.006

Frand, A. R., and Kaiser, C. A. (1999). Ero1p Oxidizes Protein Disulfide Isomerase
in a Pathway for Disulfide Bond Formation in the Endoplasmic Reticulum.Mol.
Cel 4, 469–477. doi:10.1016/s1097-2765(00)80198-7

Frand, A. R., and Kaiser, C. A. (1998). The ERO1 Gene of Yeast Is Required for
Oxidation of Protein Dithiols in the Endoplasmic Reticulum. Mol. Cel 1,
161–170. doi:10.1016/s1097-2765(00)80017-9

Frayn, K. N., Arner, P., and Yki-Järvinen, H. (2006). Fatty Acid Metabolism in
Adipose Tissue, Muscle and Liver in Health and Disease. Essays Biochem. 42,
89–103. doi:10.1042/bse0420089

Fu, S., Yang, L., Li, P., Hofmann, O., Dicker, L., Hide, W., et al. (2011). Aberrant
Lipid Metabolism Disrupts Calcium Homeostasis Causing Liver
Endoplasmic Reticulum Stress in Obesity. Nature 473, 528–531. doi:10.
1038/nature09968

Fu, Z., R. Gilbert, E., and Liu, D. (2013). Regulation of Insulin Synthesis and
Secretion and Pancreatic Beta-Cell Dysfunction in Diabetes. Curr. Diabetes Rev.
9, 25–53. doi:10.2174/157339913804143225

Gansemer, E. R., Mccommis, K. S., Martino, M., King-Mcalpin, A. Q., Potthoff, M.
J., Finck, B. N., et al. (2020). NADPH and Glutathione Redox Link TCA Cycle
Activity to Endoplasmic Reticulum Homeostasis. iScience 23, 101116. doi:10.
1016/j.isci.2020.101116

Geraghty, P., Baumlin, N., Salathe, M. A., Foronjy, R. F., and D’armiento, J. M.
(2016). Glutathione Peroxidase-1 Suppresses the Unfolded Protein Response
upon Cigarette Smoke Exposure. Mediators Inflamm. 2016, 9461289. doi:10.
1155/2016/9461289

Gillece, P., Luz, J. M., Lennarz, W. J., De La Cruz, F. J., and Römisch, K. (1999).
Export of a Cysteine-free Misfolded Secretory Protein from the Endoplasmic
Reticulum for Degradation Requires Interaction with Protein Disulfide
Isomerase. J. Cel Biol 147, 1443–1456. doi:10.1083/jcb.147.7.1443

Gomez, J. A., and Rutkowski, D. T. (2016). Experimental Reconstitution of Chronic
ER Stress in the Liver Reveals Feedback Suppression of BiP mRNA Expression.
Elife 5. doi:10.7554/eLife.20390

Gutiérrez, T., Qi, H., Yap, M. C., Tahbaz, N., Milburn, L. A., Lucchinetti, E., et al.
(2020). The ER Chaperone Calnexin Controls Mitochondrial Positioning and
Respiration. Sci. Signal. 13. doi:10.1126/scisignal.aax6660

Gutscher, M., Pauleau, A.-L., Marty, L., Brach, T.,Wabnitz, G. H., Samstag, Y., et al.
(2008). Real-time Imaging of the Intracellular Glutathione Redox Potential.
Nat. Methods 5, 553–559. doi:10.1038/nmeth.1212

Hagiwara, M., Maegawa, K.-i., Suzuki, M., Ushioda, R., Araki, K., Matsumoto, Y.,
et al. (2011). Structural Basis of an ERAD Pathway Mediated by the ER-
Resident Protein Disulfide Reductase ERdj5.Mol. Cel 41, 432–444. doi:10.1016/
j.molcel.2011.01.021

Hagiwara, M., and Nagata, K. (2012). Redox-dependent Protein Quality Control in
the Endoplasmic Reticulum: Folding to Degradation. Antioxid. Redox Signaling
16, 1119–1128. doi:10.1089/ars.2011.4495

Han,W., Li, H., Villar, V. A.M., Pascua, A. M., Dajani, M. I., Wang, X., et al. (2008).
Lipid Rafts Keep NADPH Oxidase in the Inactive State in Human Renal
Proximal Tubule Cells. Hypertension 51, 481–487. doi:10.1161/
hypertensionaha.107.103275

Hansen, H. G., Schmidt, J. D., Søltoft, C. L., Ramming, T., Geertz-Hansen, H. M.,
Christensen, B., et al. (2012). Hyperactivity of the Ero1α Oxidase Elicits
Endoplasmic Reticulum Stress but No Broad Antioxidant Response. J. Biol.
Chem. 287, 39513–39523. doi:10.1074/jbc.m112.405050

Hanson, G. T., Aggeler, R., Oglesbee, D., Cannon, M., Capaldi, R. A., Tsien, R. Y.,
et al. (2004). Investigating Mitochondrial Redox Potential with Redox-Sensitive
green Fluorescent Protein Indicators. J. Biol. Chem. 279, 13044–13053. doi:10.
1074/jbc.m312846200

Harmon, J. S., Bogdani, M., Parazzoli, S. D., Mak, S. S. M., Oseid, E. A., Berghmans,
M., et al. (2009). β-Cell-Specific Overexpression of Glutathione Peroxidase
Preserves Intranuclear MafA and Reverses Diabetes in Db/db Mice.
Endocrinology 150, 4855–4862. doi:10.1210/en.2009-0708

Haugstetter, J., Blicher, T., and Ellgaard, L. (2005). Identification and
Characterization of a Novel Thioredoxin-Related Transmembrane Protein of
the Endoplasmic Reticulum. J. Biol. Chem. 280, 8371–8380. doi:10.1074/jbc.
m413924200

Heinonen, S., Buzkova, J., Muniandy, M., Kaksonen, R., Ollikainen, M., Ismail, K.,
et al. (2015). Impaired Mitochondrial Biogenesis in Adipose Tissue in Acquired
Obesity. Diabetes 64, 3135–3145. doi:10.2337/db14-1937

Henderson, M. J., Wires, E. S., Trychta, K. A., Richie, C. T., and Harvey, B. K.
(2014). SERCaMP: a Carboxy-Terminal Protein Modification that Enables
Monitoring of ER Calcium Homeostasis. MBoC 25, 2828–2839. doi:10.1091/
mbc.e14-06-1141

Herranz-Itúrbide, M., López-Luque, J., Gonzalez-Sanchez, E., Caballero-Díaz, D.,
Crosas-Molist, E., Martín-Mur, B., et al. (2021). NADPH Oxidase 4 (Nox4)
Deletion Accelerates Liver Regeneration in Mice. Redox Biol. 40, 101841.

Higa, A., Taouji, S., Lhomond, S., Jensen, D., Fernandez-Zapico, M. E., Simpson,
J. C., et al. (2014). Endoplasmic Reticulum Stress-Activated Transcription
Factor ATF6α Requires the Disulfide Isomerase PDIA5 to Modulate
Chemoresistance. Mol. Cel Biol 34, 1839–1849. doi:10.1128/mcb.01484-13

Ho, P.-C., Bihuniak, J. D., Macintyre, A. N., Staron, M., Liu, X., Amezquita, R., et al.
(2015). Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell
Responses. Cell 162, 1217–1228. doi:10.1016/j.cell.2015.08.012

Hollien, J., Lin, J. H., Li, H., Stevens, N., Walter, P., and Weissman, J. S. (2009).
Regulated Ire1-dependent Decay of Messenger RNAs in Mammalian Cells.
J. Cel Biol 186, 323–331. doi:10.1083/jcb.200903014

Holst, B., Bruun, A. W., Kielland-Brandt, M. C., and Winther, J. R. (1996).
Competition between Folding and Glycosylation in the Endoplasmic
Reticulum. EMBO J. 15, 3538–3546. doi:10.1002/j.1460-2075.1996.tb00723.x

Horwath, J. A., Hurr, C., Butler, S. D., Guruju, M., Cassell, M. D., Mark, A. L., et al.
(2017). Obesity-induced Hepatic Steatosis Is Mediated by Endoplasmic
Reticulum Stress in the Subfornical Organ of the Brain. JCI Insight 2.
doi:10.1172/jci.insight.90170

Hoseki, J., Oishi, A., Fujimura, T., and Sakai, Y. (2016). Development of a Stable
ERroGFP Variant Suitable for Monitoring Redox Dynamics in the ER. Biosci.
Rep. 36. doi:10.1042/BSR20160027

Hourihan, J. M., Moronetti Mazzeo, L. E., Fernández-Cárdenas, L. P., and
Blackwell, T. K. (2016). Cysteine Sulfenylation Directs IRE-1 to Activate the
SKN-1/Nrf2 Antioxidant Response.Mol. Cel 63, 553–566. doi:10.1016/j.molcel.
2016.07.019

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814217

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1042/bj3140409
https://doi.org/10.1042/bj1380425
https://doi.org/10.1242/jcs.153643
https://doi.org/10.1242/jcs.153643
https://doi.org/10.1016/j.molcel.2014.01.004
https://doi.org/10.1016/j.molcel.2014.01.004
https://doi.org/10.1111/tra.12392
https://doi.org/10.1111/tra.12392
https://doi.org/10.1038/sj.embor.7400311
https://doi.org/10.1016/j.tibs.2017.10.006
https://doi.org/10.1016/j.tibs.2017.10.006
https://doi.org/10.1006/abbi.1997.9901
https://doi.org/10.1038/nature13236
https://doi.org/10.1113/jphysiol.2013.254193
https://doi.org/10.1113/jphysiol.2013.254193
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/s1097-2765(00)80198-7
https://doi.org/10.1016/s1097-2765(00)80017-9
https://doi.org/10.1042/bse0420089
https://doi.org/10.1038/nature09968
https://doi.org/10.1038/nature09968
https://doi.org/10.2174/157339913804143225
https://doi.org/10.1016/j.isci.2020.101116
https://doi.org/10.1016/j.isci.2020.101116
https://doi.org/10.1155/2016/9461289
https://doi.org/10.1155/2016/9461289
https://doi.org/10.1083/jcb.147.7.1443
https://doi.org/10.7554/eLife.20390
https://doi.org/10.1126/scisignal.aax6660
https://doi.org/10.1038/nmeth.1212
https://doi.org/10.1016/j.molcel.2011.01.021
https://doi.org/10.1016/j.molcel.2011.01.021
https://doi.org/10.1089/ars.2011.4495
https://doi.org/10.1161/hypertensionaha.107.103275
https://doi.org/10.1161/hypertensionaha.107.103275
https://doi.org/10.1074/jbc.m112.405050
https://doi.org/10.1074/jbc.m312846200
https://doi.org/10.1074/jbc.m312846200
https://doi.org/10.1210/en.2009-0708
https://doi.org/10.1074/jbc.m413924200
https://doi.org/10.1074/jbc.m413924200
https://doi.org/10.2337/db14-1937
https://doi.org/10.1091/mbc.e14-06-1141
https://doi.org/10.1091/mbc.e14-06-1141
https://doi.org/10.1128/mcb.01484-13
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1083/jcb.200903014
https://doi.org/10.1002/j.1460-2075.1996.tb00723.x
https://doi.org/10.1172/jci.insight.90170
https://doi.org/10.1042/BSR20160027
https://doi.org/10.1016/j.molcel.2016.07.019
https://doi.org/10.1016/j.molcel.2016.07.019
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Isogai, Y., Iizuka, T., and Shiro, Y. (1995). The Mechanism of Electron Donation to
Molecular Oxygen by Phagocytic Cytochrome B558. J. Biol. Chem. 270,
7853–7857. doi:10.1074/jbc.270.14.7853

Iurlaro, R., and Muñoz-Pinedo, C. (2016). Cell Death Induced by Endoplasmic
Reticulum Stress. Febs j 283, 2640–2652. doi:10.1111/febs.13598

Janiszewski, M., Lopes, L. R., Carmo, A. O., Pedro, M. A., Brandes, R. P., Santos, C.
X. C., et al. (2005). Regulation of NAD(P)H Oxidase by Associated Protein
Disulfide Isomerase in Vascular Smooth Muscle Cells. J. Biol. Chem. 280,
40813–40819. doi:10.1074/jbc.m509255200

Jessop, C. E., and Bulleid, N. J. (2004). Glutathione Directly Reduces an
Oxidoreductase in the Endoplasmic Reticulum of Mammalian Cells. J. Biol.
Chem. 279, 55341–55347. doi:10.1074/jbc.m411409200

Jiang, J. X., Chen, X., Serizawa, N., Szyndralewiez, C., Page, P., Schröder, K., et al.
(2012). Liver Fibrosis and Hepatocyte Apoptosis Are Attenuated by
GKT137831, a Novel NOX4/NOX1 Inhibitor In Vivo. Free Radic. Biol. Med.
53, 289–296. doi:10.1016/j.freeradbiomed.2012.05.007

Kadokura, H., Dazai, Y., Fukuda, Y., Hirai, N., Nakamura, O., and Inaba, K. (2020).
Observing the Nonvectorial yet Cotranslational Folding of a Multidomain
Protein, LDL Receptor, in the ER of Mammalian Cells. Proc. Natl. Acad. Sci.
U.S.A. 117, 16401–16408. doi:10.1073/pnas.2004606117

Kanemura, S., Sofia, E. F., Hirai, N., Okumura, M., Kadokura, H., and Inaba, K.
(2020). Characterization of the Endoplasmic Reticulum-Resident Peroxidases
GPx7 and GPx8 Shows the Higher Oxidative Activity of GPx7 and its Linkage
to Oxidative Protein Folding. J. Biol. Chem. 295, 12772–12785. doi:10.1074/jbc.
ra120.013607

Kawahara, T., and Lambeth, J. D. (2008). Phosphatidylinositol (4,5)-bisphosphate
Modulates Nox5 Localization via an N-Terminal Polybasic Region. MBoC 19,
4020–4031. doi:10.1091/mbc.e07-12-1223

Kawasaki, N., Asada, R., Saito, A., Kanemoto, S., and Imaizumi, K. (2012). Obesity-
induced Endoplasmic Reticulum Stress Causes Chronic Inflammation in
Adipose Tissue. Sci. Rep. 2, 799. doi:10.1038/srep00799

Kelner, M. J., and Montoya, M. A. (2000). Structural Organization of the Human
Glutathione Reductase Gene: Determination of Correct cDNA Sequence and
Identification of a Mitochondrial Leader Sequence. Biochem. Biophysical Res.
Commun. 269, 366–368. doi:10.1006/bbrc.2000.2267

Kim, H. J., Lee, Y., Fang, S., Kim, W., Kim, H. J., and Kim, J.-w. (2020). GPx7
Ameliorates Non-alcoholic Steatohepatitis by Regulating Oxidative Stress. BMB
Rep. 53, 317–322. doi:10.5483/bmbrep.2020.53.6.280

Klappa, P., Ruddock, L. W., Darby, N. J., and Freedman, R. B. (1998). The B’
Domain Provides the Principal Peptide-Binding Site of Protein Disulfide
Isomerase but All Domains Contribute to Binding of Misfolded Proteins.
Embo j 17, 927–935. doi:10.1093/emboj/17.4.927

Kodali, V. K., and Thorpe, C. (2010). Oxidative Protein Folding and the Quiescin-
Sulfhydryl Oxidase Family of Flavoproteins. Antioxid. Redox Signaling 13,
1217–1230. doi:10.1089/ars.2010.3098

Kostyuk, A. I., Demidovich, A. D., Kotova, D. A., Belousov, V. V., and Bilan, D. S.
(2019). Circularly Permuted Fluorescent Protein-Based Indicators: History,
Principles, and Classification. Int. J. Mol. Sci. 20. doi:10.3390/ijms20174200

Kranz, P., Neumann, F., Wolf, A., Classen, F., Pompsch, M., Ocklenburg, T., et al.
(2017). PDI Is an Essential Redox-Sensitive Activator of PERK during the
Unfolded Protein Response (UPR). Cell Death Dis 8, e2986. doi:10.1038/cddis.
2017.369

Kuroda, J., Nakagawa, K., Yamasaki, T., Nakamura, K.-i., Takeya, R., Kuribayashi,
F., et al. (2005). The Superoxide-Producing NAD(P)H Oxidase Nox4 in the
Nucleus of Human Vascular Endothelial Cells. Genes Cells 10, 1139–1151.
doi:10.1111/j.1365-2443.2005.00907.x

Lake, A. D., Novak, P., Hardwick, R. N., Flores-Keown, B., Zhao, F., Klimecki, W.
T., et al. (2014). The Adaptive Endoplasmic Reticulum Stress Response to
Lipotoxicity in Progressive Human Nonalcoholic Fatty Liver Disease. Toxicol.
Sci. 137, 26–35. doi:10.1093/toxsci/kft230

Lamriben, L., Oster, M. E., Tamura, T., Tian, W., Yang, Z., Clausen, H., et al.
(2018). EDEM1’s Mannosidase-like Domain Binds ERAD Client Proteins in a
Redox-Sensitive Manner and Possesses Catalytic Activity. J. Biol. Chem. 293,
13932–13945. doi:10.1074/jbc.ra118.004183

Lan, T., Kisseleva, T., and Brenner, D. A. (2015). Deficiency of NOX1 or NOX4
Prevents Liver Inflammation and Fibrosis in Mice through Inhibition of
Hepatic Stellate Cell Activation. PLoS One 10, e0129743. doi:10.1371/
journal.pone.0129743

Land, A., Zonneveld, D., and Braakman, I. (2003). Folding of HIV-1 Envelope
Glycoprotein Involves Extensive Isomerization of Disulfide Bonds and
Conformation-dependent Leader Peptide Cleavage. FASEB j. 17, 1058–1067.
doi:10.1096/fj.02-0811com

Lappi, A.-K., and Ruddock, L. W. (2011). Reexamination of the Role of Interplay
between Glutathione and Protein Disulfide Isomerase. J. Mol. Biol. 409,
238–249. doi:10.1016/j.jmb.2011.03.024

Laurindo, F. R. M., Araujo, T. L. S., and Abrahão, T. B. (2014). Nox NADPH
Oxidases and the Endoplasmic Reticulum. Antioxid. Redox Signaling 20,
2755–2775. doi:10.1089/ars.2013.5605

Lee, H. A., Chu, K. B., Moon, E. K., and Quan, F. S. (2021). Glutathione Peroxidase
8 Suppression by Histone Deacetylase Inhibitors Enhances Endoplasmic
Reticulum Stress and Cell Death by Oxidative Stress in Hepatocellular
Carcinoma Cells. Antioxidants (Basel) 10. doi:10.3390/antiox10101503

Lewis, C. A., Parker, S. J., Fiske, B. P., Mccloskey, D., Gui, D. Y., Green, C. R., et al.
(2014). Tracing Compartmentalized NADPH Metabolism in the Cytosol and
Mitochondria of Mammalian Cells.Mol. Cel 55, 253–263. doi:10.1016/j.molcel.
2014.05.008

Li, G., Mongillo, M., Chin, K.-T., Harding, H., Ron, D., Marks, A. R., et al. (2009).
Role of ERO1-α-Mediated Stimulation of Inositol 1,4,5-triphosphate Receptor
Activity in Endoplasmic Reticulum Stress-Induced Apoptosis. J. Cel Biol 186,
783–792. doi:10.1083/jcb.200904060

Li, G., Scull, C., Ozcan, L., and Tabas, I. (2010a). NADPH Oxidase Links
Endoplasmic Reticulum Stress, Oxidative Stress, and PKR Activation to
Induce Apoptosis. J. Cel Biol 191, 1113–1125. doi:10.1083/jcb.201006121

Li, H., Korennykh, A. V., Behrman, S. L., and Walter, P. (2010b). Mammalian
Endoplasmic Reticulum Stress Sensor IRE1 Signals by Dynamic Clustering.
Proc. Natl. Acad. Sci. U.S.A. 107, 16113–16118. doi:10.1073/pnas.1010580107

Li, W. W., Alexandre, S., Cao, X., and Lee, A. S. (1993). Transactivation of the
Grp78 Promoter by Ca2+ Depletion. A Comparative Analysis with A23187 and
the Endoplasmic Reticulum Ca(2+)-ATPase Inhibitor Thapsigargin. J. Biol.
Chem. 268, 12003–12009. doi:10.1016/s0021-9258(19)50300-3

Li, Y., Mouche, S., Sajic, T., Veyrat-Durebex, C., Supale, R., Pierroz, D., et al. (2012).
Deficiency in the NADPH Oxidase 4 Predisposes towards Diet-Induced
Obesity. Int. J. Obes. 36, 1503–1513. doi:10.1038/ijo.2011.279

Lohman, J. R., and Remington, S. J. (2008). Development of a Family of Redox-
Sensitive green Fluorescent Protein Indicators for Use in Relatively Oxidizing
Subcellular Environments. Biochemistry 47, 8678–8688. doi:10.1021/bi800498g

Lu, J., and Holmgren, A. (2014). The Thioredoxin Antioxidant System. Free Radic.
Biol. Med. 66, 75–87. doi:10.1016/j.freeradbiomed.2013.07.036

Lu, S. C. (2013). Glutathione Synthesis. Biochim. Biophys. Acta (Bba) - Gen.
Subjects 1830, 3143–3153. doi:10.1016/j.bbagen.2012.09.008

Lubos, E., Loscalzo, J., andHandy, D. E. (2011). Glutathione Peroxidase-1 inHealth and
Disease: from Molecular Mechanisms to Therapeutic Opportunities. Antioxid.
Redox Signaling 15, 1957–1997. doi:10.1089/ars.2010.3586

Määttänen, P., Gehring, K., Bergeron, J. J., and Thomas, D. Y. (2010). Protein
Quality Control in the ER: the Recognition of Misfolded Proteins. Semin. Cel
Dev Biol 21, 500–511. doi:10.1016/j.semcdb.2010.03.006

Mantzaris, M. D., Tsianos, E. V., and Galaris, D. (2011). Interruption of
Triacylglycerol Synthesis in the Endoplasmic Reticulum Is the Initiating
Event for Saturated Fatty Acid-Induced Lipotoxicity in Liver Cells. Febs j
278, 519–530. doi:10.1111/j.1742-4658.2010.07972.x

Marino, M., Stoilova, T., Giorgi, C., Bachi, A., Cattaneo, A., Auricchio, A., et al.
(2015). SEPN1, an Endoplasmic Reticulum-Localized Selenoprotein Linked to
Skeletal Muscle Pathology, Counteracts Hyperoxidation by Means of Redox-
Regulating SERCA2 Pump Activity. Hum. Mol. Genet. 24, 1843–1855. doi:10.
1093/hmg/ddu602

Mehmeti, I., Lortz, S., and Lenzen, S. (2012). The H2O2-Sensitive HyPer Protein
Targeted to the Endoplasmic Reticulum as a Mirror of the Oxidizing Thiol-
Disulfide Milieu. Free Radic. Biol. Med. 53, 1451–1458. doi:10.1016/j.
freeradbiomed.2012.08.010

Miller, C. G., and Schmidt, E. E. (2019). Disulfide Reductase Systems in Liver. Br.
J. Pharmacol. 176, 532–543. doi:10.1111/bph.14498

Nadanaka, S., Okada, T., Yoshida, H., and Mori, K. (2007). Role of Disulfide
Bridges Formed in the Luminal Domain of ATF6 in Sensing Endoplasmic
Reticulum Stress. Mol. Cel Biol 27, 1027–1043. doi:10.1128/mcb.00408-06

Nguyen, V. D., Saaranen, M. J., Karala, A.-R., Lappi, A.-K., Wang, L., Raykhel, I. B.,
et al. (2011). Two Endoplasmic Reticulum PDI Peroxidases Increase the

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814218

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1074/jbc.270.14.7853
https://doi.org/10.1111/febs.13598
https://doi.org/10.1074/jbc.m509255200
https://doi.org/10.1074/jbc.m411409200
https://doi.org/10.1016/j.freeradbiomed.2012.05.007
https://doi.org/10.1073/pnas.2004606117
https://doi.org/10.1074/jbc.ra120.013607
https://doi.org/10.1074/jbc.ra120.013607
https://doi.org/10.1091/mbc.e07-12-1223
https://doi.org/10.1038/srep00799
https://doi.org/10.1006/bbrc.2000.2267
https://doi.org/10.5483/bmbrep.2020.53.6.280
https://doi.org/10.1093/emboj/17.4.927
https://doi.org/10.1089/ars.2010.3098
https://doi.org/10.3390/ijms20174200
https://doi.org/10.1038/cddis.2017.369
https://doi.org/10.1038/cddis.2017.369
https://doi.org/10.1111/j.1365-2443.2005.00907.x
https://doi.org/10.1093/toxsci/kft230
https://doi.org/10.1074/jbc.ra118.004183
https://doi.org/10.1371/journal.pone.0129743
https://doi.org/10.1371/journal.pone.0129743
https://doi.org/10.1096/fj.02-0811com
https://doi.org/10.1016/j.jmb.2011.03.024
https://doi.org/10.1089/ars.2013.5605
https://doi.org/10.3390/antiox10101503
https://doi.org/10.1016/j.molcel.2014.05.008
https://doi.org/10.1016/j.molcel.2014.05.008
https://doi.org/10.1083/jcb.200904060
https://doi.org/10.1083/jcb.201006121
https://doi.org/10.1073/pnas.1010580107
https://doi.org/10.1016/s0021-9258(19)50300-3
https://doi.org/10.1038/ijo.2011.279
https://doi.org/10.1021/bi800498g
https://doi.org/10.1016/j.freeradbiomed.2013.07.036
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.1016/j.semcdb.2010.03.006
https://doi.org/10.1111/j.1742-4658.2010.07972.x
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1093/hmg/ddu602
https://doi.org/10.1016/j.freeradbiomed.2012.08.010
https://doi.org/10.1016/j.freeradbiomed.2012.08.010
https://doi.org/10.1111/bph.14498
https://doi.org/10.1128/mcb.00408-06
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Efficiency of the Use of Peroxide during Disulfide Bond Formation. J. Mol. Biol.
406, 503–515. doi:10.1016/j.jmb.2010.12.039

Nyathi, Y., Wilkinson, B. M., and Pool, M. R. (2013). Co-translational Targeting
and Translocation of Proteins to the Endoplasmic Reticulum. Biochim. Biophys.
Acta (Bba) - Mol. Cel Res. 1833, 2392–2402. doi:10.1016/j.bbamcr.2013.02.021

Oka, O. B. V., Pierre, A. S., Pringle, M. A., Tungkum, W., Cao, Z., Fleming, B., et al.
(2022). Activation of the UPR Sensor ATF6α Is Regulated by its Redox-
dependent Dimerization and ER Retention by ERp18. Proc. Natl. Acad. Sci.
U S A. 119, e2122657119. doi:10.1073/pnas.2122657119

Oka, O. B. V., Pringle, M. A., Schopp, I. M., Braakman, I., and Bulleid, N. J. (2013).
ERdj5 Is the ER Reductase that Catalyzes the Removal of Non-native Disulfides
and Correct Folding of the LDL Receptor. Mol. Cel 50, 793–804. doi:10.1016/j.
molcel.2013.05.014

Oka,O. B. V., Yeoh, H. Y., and Bulleid, N. J. (2015). Thiol-disulfide Exchange between
the PDI Family of Oxidoreductases Negates the Requirement for an Oxidase or
Reductase for Each Enzyme. Biochem. J. 469, 279–288. doi:10.1042/bj20141423

Otsu, M., Bertoli, G., Fagioli, C., Guerini-Rocco, E., Nerini-Molteni, S., Ruffato, E.,
et al. (2006). Dynamic Retention of Ero1α and Ero1β in the Endoplasmic
Reticulum by Interactions with PDI and ERp44. Antioxid. Redox Signaling 8,
274–282. doi:10.1089/ars.2006.8.274

Outten, C. E., and Culotta, V. C. (2004). Alternative Start Sites in the
Saccharomyces cerevisiae GLR1 Gene Are Responsible for Mitochondrial
and Cytosolic Isoforms of Glutathione Reductase. J. Biol. Chem. 279,
7785–7791. doi:10.1074/jbc.m312421200

Oyadomari, S., Harding, H. P., Zhang, Y., Oyadomari, M., and Ron, D. (2008).
Dephosphorylation of Translation Initiation Factor 2alpha Enhances Glucose
Tolerance and Attenuates Hepatosteatosis in Mice. Cell Metab 7, 520–532.

Ozcan, U., Ozcan, L., Yilmaz, E., Düvel, K., Sahin, M., Manning, B. D., et al. (2008).
Loss of the Tuberous Sclerosis Complex Tumor Suppressors Triggers the
Unfolded Protein Response to Regulate Insulin Signaling and Apoptosis.
Mol. Cel 29, 541–551. doi:10.1016/j.molcel.2007.12.023

Panday, A., Sahoo, M. K., Osorio, D., and Batra, S. (2015). NADPH Oxidases: an
Overview from Structure to Innate Immunity-Associated Pathologies. Cell Mol
Immunol 12, 5–23. doi:10.1038/cmi.2014.89

Parlakgül, G., Arruda, A. P., Pang, S., Cagampan, E., Min, N., Güney, E., et al.
(2022). Regulation of Liver Subcellular Architecture Controls Metabolic
Homeostasis. Nature 603, 736–742. doi:10.1038/s41586-022-04488-5

Patterson, R. E., Kalavalapalli, S., Williams, C. M., Nautiyal, M., Mathew, J. T.,
Martinez, J., et al. (2016). Lipotoxicity in Steatohepatitis Occurs Despite an
Increase in Tricarboxylic Acid Cycle Activity. Am. J. Physiology-Endocrinology
Metab. 310, E484–E494. doi:10.1152/ajpendo.00492.2015

Pédelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., and Waldo, G. S. (2006).
Engineering and Characterization of a Superfolder green Fluorescent Protein.
Nat. Biotechnol. 24, 79–88. doi:10.1038/nbt1172

Perkins, A., Nelson, K. J., Parsonage, D., Poole, L. B., and Karplus, P. A. (2015).
Peroxiredoxins: Guardians against Oxidative Stress andModulators of Peroxide
Signaling. Trends Biochem. Sci. 40, 435–445. doi:10.1016/j.tibs.2015.05.001

Pfaffenbach, K. T., Nivala, A. M., Reese, L., Ellis, F., Wang, D., Wei, Y., et al. (2010).
Rapamycin Inhibits Postprandial-Mediated X-Box-Binding Protein-1 Splicing
in Rat Liver. J. Nutr. 140, 879–884. doi:10.3945/jn.109.119883

Piccirella, S., Czegle, I., Lizák, B., Margittai, É., Senesi, S., Papp, E., et al. (2006).
Uncoupled Redox Systems in the Lumen of the Endoplasmic Reticulum. J. Biol.
Chem. 281, 4671–4677. doi:10.1074/jbc.m509406200

Poet, G. J., Oka, O. B., Lith, M., Cao, Z., Robinson, P. J., Pringle, M. A., et al. (2017).
Cytosolic Thioredoxin Reductase 1 Is Required for Correct Disulfide Formation
in the ER. Embo j 36, 693–702. doi:10.15252/embj.201695336

Ponsero, A. J., Igbaria, A., Darch, M. A., Miled, S., Outten, C. E., Winther, J. R., et al.
(2017). Endoplasmic Reticulum Transport of Glutathione by Sec61 Is Regulated
by Ero1 and Bip. Mol. Cel 67, 962–973. e965. doi:10.1016/j.molcel.2017.08.012

Pozzer, D., Varone, E., Chernorudskiy, A., Schiarea, S., Missiroli, S., Giorgi, C., et al.
(2019). A Maladaptive ER Stress Response Triggers Dysfunction in Highly
Active Muscles of Mice with SELENON Loss. Redox Biol. 20, 354–366. doi:10.
1016/j.redox.2018.10.017

Preissler, S., Rato, C., Yan, Y., Perera, L. A., Czako, A., and Ron, D. (2020). Calcium
Depletion Challenges Endoplasmic Reticulum Proteostasis by Destabilising
BiP-Substrate Complexes. Elife 9. doi:10.7554/eLife.62601

Price, B. D., Mannheim-Rodman, L. A., and Calderwood, S. K. (1992). Brefeldin A,
Thapsigargin, and AlF4? Stimulate the Accumulation of GRP78 mRNA in a

Cycloheximide Dependent Manner, whilst Induction by Hypoxia Is
Independent of Protein Synthesis. J. Cel. Physiol. 152, 545–552. doi:10.1002/
jcp.1041520314

Prior, K.-K., Wittig, I., Leisegang, M. S., Groenendyk, J., Weissmann, N., Michalak,
M., et al. (2016). The Endoplasmic ReticulumChaperone Calnexin Is a NADPH
Oxidase NOX4 Interacting Protein. J. Biol. Chem. 291, 7045–7059. doi:10.1074/
jbc.m115.710772

Qin, F., Siwik, D. A., Lancel, S., Zhang, J., Kuster, G. M., Luptak, I., et al. (2013).
Hydrogen Peroxide-Mediated SERCA Cysteine 674 Oxidation Contributes to
Impaired Cardiac Myocyte Relaxation in Senescent Mouse Heart. J. Am. Heart
Assoc. 2, e000184. doi:10.1161/JAHA.113.000184

Qin, F., Siwik, D. A., Pimentel, D. R., Morgan, R. J., Biolo, A., Tu, V. H., et al.
(2014a). Cytosolic H2O2 Mediates Hypertrophy, Apoptosis, and Decreased
SERCA Activity in Mice with Chronic Hemodynamic Overload. Am.
J. Physiology-Heart Circulatory Physiol. 306, H1453–H1463. doi:10.1152/
ajpheart.00084.2014

Qin, H., Zhang, X., Ye, F., and Zhong, L. (2014b). High-fat Diet-Induced Changes
in Liver Thioredoxin and Thioredoxin Reductase as a Novel Feature of Insulin
Resistance. FEBS Open Bio 4, 928–935. doi:10.1016/j.fob.2014.10.015

Ramming, T., Hansen, H. G., Nagata, K., Ellgaard, L., and Appenzeller-Herzog, C.
(2014). GPx8 Peroxidase Prevents Leakage of H2O2 from the Endoplasmic
Reticulum. Free Radic. Biol. Med. 70, 106–116. doi:10.1016/j.freeradbiomed.
2014.01.018

Raturi, A., Gutiérrez, T., Ortiz-Sandoval, C., Ruangkittisakul, A., Herrera-Cruz, M.
S., Rockley, J. P., et al. (2016). TMX1 Determines Cancer Cell Metabolism as a
Thiol-Based Modulator of ER-Mitochondria Ca2+ Flux. J. Cel Biol 214,
433–444. doi:10.1083/jcb.201512077

Ribas, V., GarcÃa-Ruiz, C., and FernÃ¡ndez-Checa, J. C. (2014). Glutathione and
Mitochondria. Front. Pharmacol. 5, 151. doi:10.3389/fphar.2014.00151

Riemer, J., Bulleid, N., and Herrmann, J. M. (2009). Disulfide Formation in the ER
and Mitochondria: Two Solutions to a Common Process. Science 324,
1284–1287. doi:10.1126/science.1170653

Roberts, B. S., Babilonia-Rosa, M. A., Broadwell, L. J., Wu, M. J., and Neher, S. B.
(2018). Lipase Maturation Factor 1 Affects Redox Homeostasis in the
Endoplasmic Reticulum. Embo j 37. doi:10.15252/embj.201797379

Rogoff, D., Black, K., Mcmillan, D. R., and White, P. C. (2010). Contribution of
Hexose-6-Phosphate Dehydrogenase to NADPH Content and Redox
Environment in the Endoplasmic Reticulum. Redox Rep. 15, 64–70. doi:10.
1179/174329210x12650506623249

Rohli, K. E., Boyer, C. K., Bearrows, S. C., Moyer, M. R., Elison,W. S., Bauchle, C. J.,
et al. (2021). Nutrient Metabolism Regulates Insulin Granule Formation in the
Pancreatic Islet β-cell via ER Redox Homeostasis. bioRxiv. doi:10.1101/2021.09.
22.461417

Rojanathammanee, L., Rakoczy, S., Kopchick, J., and Brown-Borg, H. M. (2014).
Effects of Insulin-like Growth Factor 1 on Glutathione S-Transferases and
Thioredoxin in Growth Hormone Receptor Knockout Mice. Age 36, 9687.
doi:10.1007/s11357-014-9687-3

Ron, D., and Walter, P. (2007). Signal Integration in the Endoplasmic
Reticulum Unfolded Protein Response. Nat. Rev. Mol. 8, 519–529.
doi:10.1038/nrm2199

Roos, G, Signal.Pino, A., Van Belle, K., Brosens, E., Wahni, K., and Vandenbussche,
G (2007). The Conserved Active Site Proline Determines the Reducing Power of
Staphylococcus aureus Thioredoxin. J. Mol. Biol. 368, 800–811. doi:10.1016/j.
jmb.2007.02.045

Rutkevich, L. A., and Williams, D. B. (2012). Vitamin K Epoxide Reductase
Contributes to Protein Disulfide Formation and Redox Homeostasis within
the Endoplasmic Reticulum. MBoC 23, 2017–2027. doi:10.1091/mbc.e12-02-
0102

Rutkowski, D. T., Ott, C. M., Polansky, J. R., and Lingappa, V. R. (2003). Signal
Sequences Initiate the Pathway of Maturation in the Endoplasmic Reticulum
Lumen. J. Biol. Chem. 278, 30365–30372. doi:10.1074/jbc.m302117200

Rydström, J. (2006). Mitochondrial NADPH, Transhydrogenase and Disease.
Biochim. Biophys. Acta 1757, 721–726.

Sallin, O., Reymond, L., Gondrand, C., Raith, F., Koch, B., and Johnsson, K. (2018).
Semisynthetic Biosensors for Mapping Cellular Concentrations of
Nicotinamide Adenine Dinucleotides. Elife 7. doi:10.7554/eLife.32638

Schelhaas, M., Malmström, J., Pelkmans, L., Haugstetter, J., Ellgaard, L.,
Grünewald, K., et al. (2007). Simian Virus 40 Depends on ER Protein

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814219

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1016/j.jmb.2010.12.039
https://doi.org/10.1016/j.bbamcr.2013.02.021
https://doi.org/10.1073/pnas.2122657119
https://doi.org/10.1016/j.molcel.2013.05.014
https://doi.org/10.1016/j.molcel.2013.05.014
https://doi.org/10.1042/bj20141423
https://doi.org/10.1089/ars.2006.8.274
https://doi.org/10.1074/jbc.m312421200
https://doi.org/10.1016/j.molcel.2007.12.023
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.1038/s41586-022-04488-5
https://doi.org/10.1152/ajpendo.00492.2015
https://doi.org/10.1038/nbt1172
https://doi.org/10.1016/j.tibs.2015.05.001
https://doi.org/10.3945/jn.109.119883
https://doi.org/10.1074/jbc.m509406200
https://doi.org/10.15252/embj.201695336
https://doi.org/10.1016/j.molcel.2017.08.012
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.1016/j.redox.2018.10.017
https://doi.org/10.7554/eLife.62601
https://doi.org/10.1002/jcp.1041520314
https://doi.org/10.1002/jcp.1041520314
https://doi.org/10.1074/jbc.m115.710772
https://doi.org/10.1074/jbc.m115.710772
https://doi.org/10.1161/JAHA.113.000184
https://doi.org/10.1152/ajpheart.00084.2014
https://doi.org/10.1152/ajpheart.00084.2014
https://doi.org/10.1016/j.fob.2014.10.015
https://doi.org/10.1016/j.freeradbiomed.2014.01.018
https://doi.org/10.1016/j.freeradbiomed.2014.01.018
https://doi.org/10.1083/jcb.201512077
https://doi.org/10.3389/fphar.2014.00151
https://doi.org/10.1126/science.1170653
https://doi.org/10.15252/embj.201797379
https://doi.org/10.1179/174329210x12650506623249
https://doi.org/10.1179/174329210x12650506623249
https://doi.org/10.1101/2021.09.22.461417
https://doi.org/10.1101/2021.09.22.461417
https://doi.org/10.1007/s11357-014-9687-3
https://doi.org/10.1038/nrm2199
https://doi.org/10.1016/j.jmb.2007.02.045
https://doi.org/10.1016/j.jmb.2007.02.045
https://doi.org/10.1091/mbc.e12-02-0102
https://doi.org/10.1091/mbc.e12-02-0102
https://doi.org/10.1074/jbc.m302117200
https://doi.org/10.7554/eLife.32638
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Folding and Quality Control Factors for Entry into Host Cells. Cell 131,
516–529. doi:10.1016/j.cell.2007.09.038

Schröder, K., Wandzioch, K., Helmcke, I., and Brandes, R. P. (2009). Nox4 Acts as a
Switch between Differentiation and Proliferation in Preadipocytes. Arterioscler
Thromb. Vasc. Biol. 29, 239–245. doi:10.1161/ATVBAHA.108.174219

Sciarretta, S., Zhai, P., Shao, D., Zablocki, D., Nagarajan, N., Terada, L. S., et al.
(2013). Activation of NADPH Oxidase 4 in the Endoplasmic Reticulum
Promotes Cardiomyocyte Autophagy and Survival during Energy Stress
through the Protein Kinase RNA-activated-like Endoplasmic Reticulum
Kinase/Eukaryotic Initiation Factor 2α/Activating Transcription Factor 4
Pathway. Circ. Res. 113, 1253–1264. doi:10.1161/circresaha.113.301787

Sevier, C. S., Qu, H., Heldman, N., Gross, E., Fass, D., and Kaiser, C. A. (2007).
Modulation of Cellular Disulfide-Bond Formation and the ER Redox
Environment by Feedback Regulation of Ero1. Cell 129, 333–344. doi:10.
1016/j.cell.2007.02.039

Shanmugasundaram, K., Nayak, B. K., Friedrichs, W. E., Kaushik, D., Rodriguez,
R., and Block, K. (2017). NOX4 Functions as a Mitochondrial Energetic Sensor
Coupling Cancer Metabolic Reprogramming to Drug Resistance. Nat.
Commun. 8, 997. doi:10.1038/s41467-017-01106-1

Sharma, N. K., Das, S. K., Mondal, A. K., Hackney, O. G., Chu, W. S., Kern, P. A.,
et al. (2008). Endoplasmic Reticulum Stress Markers Are Associated with
Obesity in Nondiabetic Subjects. J. Clin. Endocrinol. Metab. 93, 4532–4541.
doi:10.1210/jc.2008-1001

Shelness, G. S., and Thornburg, J. T. (1996). Role of Intramolecular Disulfide Bond
Formation in the Assembly and Secretion of Apolipoprotein B-100-Containing
Lipoproteins. J. Lipid Res. 37, 408–419. doi:10.1016/s0022-2275(20)37627-6

Snapp, E. L., Mccaul, N., Quandte, M., Cabartova, Z., Bontjer, I., Källgren, C., et al.
(2017). Structure and Topology Around the Cleavage Site Regulate post-
translational Cleavage of the HIV-1 Gp160 Signal Peptide. Elife 6. doi:10.
7554/elife.26067

Sugio, S., Kashima, A., Mochizuki, S., Noda, M., and Kobayashi, K. (1999). Crystal
Structure of Human Serum Albumin at 2.5 Å Resolution. Protein Eng. 12,
439–446. doi:10.1093/protein/12.6.439

Sun, J., Chen, W., Li, S., Yang, S., Zhang, Y., Hu, X., et al. (2021). Nox4 Promotes
RANKL-Induced Autophagy and Osteoclastogenesis via Activating ROS/
PERK/eIF-2α/ATF4 Pathway. Front. Pharmacol. 12, 751845. doi:10.3389/
fphar.2021.751845

Tao, R., Zhao, Y., Chu, H., Wang, A., Zhu, J., Chen, X., et al. (2017). Genetically
Encoded Fluorescent Sensors Reveal Dynamic Regulation of NADPH
Metabolism. Nat. Methods 14, 720–728. doi:10.1038/nmeth.4306

Tavender, T. J., and Bulleid, N. J. (2010). Peroxiredoxin IV Protects Cells from
Oxidative Stress by Removing H2O2 Produced during Disulphide Formation.
J. Cel Sci 123, 2672–2679. doi:10.1242/jcs.067843

Tavender, T. J., Sheppard, A. M., and Bulleid, N. J. (2008). Peroxiredoxin IV Is an
Endoplasmic Reticulum-Localized Enzyme Forming Oligomeric Complexes in
Human Cells. Biochem. J. 411, 191–199. doi:10.1042/bj20071428

Theurey, P., and Rieusset, J. (2017). Mitochondria-Associated Membranes
Response to Nutrient Availability and Role in Metabolic Diseases. Trends
Endocrinol. Metab. 28, 32–45. doi:10.1016/j.tem.2016.09.002

Theurey, P., Tubbs, E., Vial, G., Jacquemetton, J., Bendridi, N., Chauvin, M.-A.,
et al. (2016). Mitochondria-associated Endoplasmic Reticulum Membranes
Allow Adaptation of Mitochondrial Metabolism to Glucose Availability in the
Liver. J. Mol. Cel Biol 8, 129–143. doi:10.1093/jmcb/mjw004

Thomas, J. P., Geiger, P. G., Maiorino, M., Ursini, F., and Girotti, A. W. (1990).
Enzymatic Reduction of Phospholipid and Cholesterol Hydroperoxides in
Artificial Bilayers and Lipoproteins. Biochim. Biophys. Acta (Bba) - Lipids
Lipid Metab. 1045, 252–260. doi:10.1016/0005-2760(90)90128-k

Titov, D. V., Cracan, V., Goodman, R. P., Peng, J., Grabarek, Z., and Mootha, V. K.
(2016). Complementation of Mitochondrial Electron Transport Chain by
Manipulation of the NAD +/NADH Ratio. Science 352, 231–235. doi:10.
1126/science.aad4017

Tong, X., Hou, X., Jourd’heuil, D., Weisbrod, R. M., and Cohen, R. A. (2010).
Upregulation of Nox4 by TGFβ1 Oxidizes SERCA and Inhibits NO in Arterial
Smooth Muscle of the Prediabetic Zucker Rat. Circ. Res. 107, 975–983. doi:10.
1161/circresaha.110.221242

Toppo, S., Vanin, S., Bosello, V., and Tosatto, S. C. E. (2008). Evolutionary and
Structural Insights into the Multifaceted Glutathione Peroxidase (Gpx)

Superfamily. Antioxid. Redox Signaling 10, 1501–1514. doi:10.1089/ars.2008.
2057

Tsai, B., Rodighiero, C., Lencer, W. I., and Rapoport, T. A. (2001). Protein Disulfide
Isomerase Acts as a Redox-dependent Chaperone to Unfold Cholera Toxin. Cell
104, 937–948. doi:10.1016/s0092-8674(01)00289-6

Tsunoda, S., Avezov, E., Zyryanova, A., Konno, T., Mendes-Silva, L., Pinho Melo,
E., et al. (2014). Intact Protein Folding in the Glutathione-Depleted
Endoplasmic Reticulum Implicates Alternative Protein Thiol Reductants.
Elife 3, e03421. doi:10.7554/eLife.03421

Tu, B. P., Ho-Schleyer, S. C., Travers, K. J., andWeissman, J. S. (2000). Biochemical
Basis of Oxidative Protein Folding in the Endoplasmic Reticulum. Science 290,
1571–1574. doi:10.1126/science.290.5496.1571

Tu, B. P., andWeissman, J. S. (2002). The FAD- and O2-dependent Reaction Cycle
of Ero1-Mediated Oxidative Protein Folding in the Endoplasmic Reticulum.
Mol. Cel 10, 983–994. doi:10.1016/s1097-2765(02)00696-2

Tubbs, E., Chanon, S., Robert, M., Bendridi, N., Bidaux, G., Chauvin, M.-A., et al.
(2018). Disruption of Mitochondria-Associated Endoplasmic Reticulum
Membrane (MAM) Integrity Contributes to Muscle Insulin Resistance in
Mice and Humans. Diabetes 67, 636–650. doi:10.2337/db17-0316

Tubbs, E., Theurey, P., Vial, G., Bendridi, N., Bravard, A., Chauvin, M.-A., et al.
(2014). Mitochondria-associated Endoplasmic Reticulum Membrane (MAM)
Integrity Is Required for Insulin Signaling and Is Implicated in Hepatic Insulin
Resistance. Diabetes 63, 3279–3294. doi:10.2337/db13-1751

Tyra, H. M., Spitz, D. R., and Rutkowski, D. T. (2012). Inhibition of Fatty Acid
Oxidation Enhances Oxidative Protein Folding and Protects Hepatocytes from
Endoplasmic Reticulum Stress. MBoC 23, 811–819. doi:10.1091/mbc.e11-12-
1011

Ushioda, R., Miyamoto, A., Inoue, M., Watanabe, S., Okumura, M., Maegawa, K. I.,
et al. (2016). Redox-assisted Regulation of Ca2+ Homeostasis in the
Endoplasmic Reticulum by Disulfide Reductase ERdj5. Proc. Natl. Acad. Sci.
U S A. 113, E6055–e6063. doi:10.1073/pnas.1605818113

Ushioda, R., Hoseki, J., Araki, K., Jansen, G., Thomas, D. Y., and Nagata, K. (2008).
ERdj5 Is Required as a Disulfide Reductase for Degradation of Misfolded
Proteins in the ER. Science 321, 569–572. doi:10.1126/science.1159293

Ushioda, R., Hoseki, J., and Nagata, K. (2013). Glycosylation-independent ERAD
Pathway Serves as a Backup System under ER Stress. MBoC 24, 3155–3163.
doi:10.1091/mbc.e13-03-0138

Utomo, A., Jiang, X., Furuta, S., Yun, J., Levin, D. S., Wang, Y.-C. J., et al. (2004).
Identification of a Novel Putative Non-selenocysteine Containing Phospholipid
Hydroperoxide Glutathione Peroxidase (NPGPx) Essential for Alleviating
Oxidative Stress Generated from Polyunsaturated Fatty Acids in Breast
Cancer Cells. J. Biol. Chem. 279, 43522–43529. doi:10.1074/jbc.m407141200

Van Lierop, B., Ong, S. C., Belgi, A., Delaine, C., Andrikopoulos, S., Haworth, N. L.,
et al. (2017). Insulin in Motion: The A6-A11 Disulfide Bond Allosterically
Modulates Structural Transitions Required for Insulin Activity. Sci. Rep. 7,
17239. doi:10.1038/s41598-017-16876-3

Van Lith, M., Pringle, M. A., Fleming, B., Gaeta, G., Im, J., Gilmore, R., et al. (2021).
A Cytosolic Reductase Pathway Is Required for Efficient N-Glycosylation of an
STT3B-dependent Acceptor Site. J. Cel Sci 134. doi:10.1242/jcs.259340

Van Lith, M., Tiwari, S., Pediani, J., Milligan, G., and Bulleid, N. J. (2011). Real-time
Monitoring of Redox Changes in the Mammalian Endoplasmic Reticulum.
J. Cel Sci 124, 2349–2356. doi:10.1242/jcs.085530

Wallach, T. M., and Segal, A. W. (1997). Analysis of Glycosylation Sites on
Gp91phox, the Flavocytochrome of the NADPH Oxidase, by Site-Directed
Mutagenesis and Translation In Vitro. Biochem. J. 321 ( Pt 3) (Pt 3), 583–585.
doi:10.1042/bj3210583

Wang, L., Zhang, L., Niu, Y., Sitia, R., and Wang, C.-c. (2014). Glutathione
Peroxidase 7 Utilizes Hydrogen Peroxide Generated by Ero1α to Promote
Oxidative Protein Folding. Antioxid. Redox Signaling 20, 545–556. doi:10.1089/
ars.2013.5236

Wang, Y., Yen, F. S., Zhu, X. G., Timson, R. C., Weber, R., Xing, C., et al. (2021).
SLC25A39 Is Necessary for Mitochondrial Glutathione Import in Mammalian
Cells. Nature 599, 136–140. doi:10.1038/s41586-021-04025-w

Whelan, S. A., and Hightower, L. E. (1985). Differential Induction of Glucose-
Regulated and Heat Shock Proteins: Effects of pH and Sulfhydryl-Reducing
Agents on Chicken Embryo Cells. J. Cel. Physiol. 125, 251–258. doi:10.1002/jcp.
1041250212

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814220

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1016/j.cell.2007.09.038
https://doi.org/10.1161/ATVBAHA.108.174219
https://doi.org/10.1161/circresaha.113.301787
https://doi.org/10.1016/j.cell.2007.02.039
https://doi.org/10.1016/j.cell.2007.02.039
https://doi.org/10.1038/s41467-017-01106-1
https://doi.org/10.1210/jc.2008-1001
https://doi.org/10.1016/s0022-2275(20)37627-6
https://doi.org/10.7554/elife.26067
https://doi.org/10.7554/elife.26067
https://doi.org/10.1093/protein/12.6.439
https://doi.org/10.3389/fphar.2021.751845
https://doi.org/10.3389/fphar.2021.751845
https://doi.org/10.1038/nmeth.4306
https://doi.org/10.1242/jcs.067843
https://doi.org/10.1042/bj20071428
https://doi.org/10.1016/j.tem.2016.09.002
https://doi.org/10.1093/jmcb/mjw004
https://doi.org/10.1016/0005-2760(90)90128-k
https://doi.org/10.1126/science.aad4017
https://doi.org/10.1126/science.aad4017
https://doi.org/10.1161/circresaha.110.221242
https://doi.org/10.1161/circresaha.110.221242
https://doi.org/10.1089/ars.2008.2057
https://doi.org/10.1089/ars.2008.2057
https://doi.org/10.1016/s0092-8674(01)00289-6
https://doi.org/10.7554/eLife.03421
https://doi.org/10.1126/science.290.5496.1571
https://doi.org/10.1016/s1097-2765(02)00696-2
https://doi.org/10.2337/db17-0316
https://doi.org/10.2337/db13-1751
https://doi.org/10.1091/mbc.e11-12-1011
https://doi.org/10.1091/mbc.e11-12-1011
https://doi.org/10.1073/pnas.1605818113
https://doi.org/10.1126/science.1159293
https://doi.org/10.1091/mbc.e13-03-0138
https://doi.org/10.1074/jbc.m407141200
https://doi.org/10.1038/s41598-017-16876-3
https://doi.org/10.1242/jcs.259340
https://doi.org/10.1242/jcs.085530
https://doi.org/10.1042/bj3210583
https://doi.org/10.1089/ars.2013.5236
https://doi.org/10.1089/ars.2013.5236
https://doi.org/10.1038/s41586-021-04025-w
https://doi.org/10.1002/jcp.1041250212
https://doi.org/10.1002/jcp.1041250212
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Wilcox, H. G., and Heimberg, M. (1987). Secretion and Uptake of Nascent Hepatic
Very Low Density Lipoprotein by Perfused Livers from Fed and Fasted Rats.
J. Lipid Res. 28, 351–360. doi:10.1016/s0022-2275(20)38688-0

Wilkinson, B., and Gilbert, H. F. (2004). Protein Disulfide Isomerase. Biochim. Biophys.
Acta (Bba) - Proteins Proteomics 1699, 35–44. doi:10.1016/s1570-9639(04)00063-9

Wires, E. S., Trychta, K. A., Bäck, S., Sulima, A., Rice, K. C., and Harvey, B. K.
(2017). High Fat Diet Disrupts Endoplasmic Reticulum Calcium Homeostasis
in the Rat Liver. J. Hepatol. 67, 1009–1017. doi:10.1016/j.jhep.2017.05.023

Yang, L., Calay, E. S., Fan, J., Arduini, A., Kunz, R. C., Gygi, S. P., et al. (2015).
S-nitrosylation Links Obesity-Associated Inflammation to Endoplasmic
Reticulum Dysfunction. Science 349, 500–506. doi:10.1126/science.aaa0079

Yang, L., Garcia Canaveras, J. C., Chen, Z., Wang, L., Liang, L., Jang, C., et al.
(2020). Serine Catabolism Feeds NADH when Respiration Is Impaired. Cel
Metab. 31, 809–821. e806. doi:10.1016/j.cmet.2020.02.017

Yorimitsu, T., Nair, U., Yang, Z., and Klionsky, D. J. (2006). Endoplasmic
Reticulum Stress Triggers Autophagy. J. Biol. Chem. 281, 30299–30304.
doi:10.1074/jbc.m607007200

Yu, S., Ito, S., Wada, I., and Hosokawa, N. (2018). ER-resident Protein 46 (ERp46)
Triggers the Mannose-Trimming Activity of ER Degradation-Enhancing α-
mannosidase-like Protein 3 (EDEM3). J. Biol. Chem. 293, 10663–10674. doi:10.
1074/jbc.ra118.003129

Zhao, Y., Hu, Q., Cheng, F., Su, N., Wang, A., Zou, Y., et al. (2015). SoNar, a Highly
Responsive NAD+/NADH Sensor, Allows High-Throughput Metabolic

Screening of Anti-tumor Agents. Cel Metab. 21, 777–789. doi:10.1016/j.
cmet.2015.04.009

Zito, E., Melo, E. P., Yang, Y., Wahlander, Å., Neubert, T. A., and Ron, D. (2010).
Oxidative Protein Folding by an Endoplasmic Reticulum-Localized
Peroxiredoxin. Mol. Cel 40, 787–797. doi:10.1016/j.molcel.2010.11.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gansemer and Rutkowski. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2022 | Volume 9 | Article 85814221

Gansemer and Rutkowski Pathways From NADPH to the ER

https://doi.org/10.1016/s0022-2275(20)38688-0
https://doi.org/10.1016/s1570-9639(04)00063-9
https://doi.org/10.1016/j.jhep.2017.05.023
https://doi.org/10.1126/science.aaa0079
https://doi.org/10.1016/j.cmet.2020.02.017
https://doi.org/10.1074/jbc.m607007200
https://doi.org/10.1074/jbc.ra118.003129
https://doi.org/10.1074/jbc.ra118.003129
https://doi.org/10.1016/j.cmet.2015.04.009
https://doi.org/10.1016/j.cmet.2015.04.009
https://doi.org/10.1016/j.molcel.2010.11.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Pathways Linking Nicotinamide Adenine Dinucleotide Phosphate Production to Endoplasmic Reticulum Protein Oxidation and Stress
	Introduction—Why Should the Endoplasmic Reticulum Care What Is Happening in the Mitochondria?
	The Endoplasmic Reticulum and Endoplasmic Reticulum Stress
	Protein Biogenesis and Oxidation
	Assessing the Endoplasmic Reticulum Redox State
	Endoplasmic Reticulum Stress and Metabolism

	Production of Reduced Nicotinamide Adenine Dinucleotide Phosphate
	The Pentose Phosphate Pathway
	One-Carbon Metabolism
	The Tricarboxylic Acid Cycle

	Pathways Linking Reduced Nicotinamide Adenine Dinucleotide Phosphate to Endoplasmic Reticulum Function
	Glutathione Redox
	Thioredoxin Reductase
	NADPH Oxidases

	Pathways by Which Altered Endoplasmic Reticulum Redox can Affect Endoplasmic Reticulum Homeostasis
	Endoplasmic Reticulum-Associated Degradation
	Calcium Storage
	Unfolded Protein Response Signaling

	Conclusion and Perspectives
	Author Contributions
	Funding
	References


