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Inhibition of fatty acid oxidation enhances 
oxidative protein folding and protects 
hepatocytes from endoplasmic reticulum stress
Heather M. Tyraa, Douglas R. Spitzb, and D. Thomas Rutkowskia
aDepartment of Anatomy and Cell Biology and Department of Internal Medicine and bFree Radical and Radiation 
Biology Program, Department of Radiation Oncology, University of Iowa Carver College of Medicine, Iowa City, IA 
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ABSTRACT The unfolded protein response (UPR) signals protein misfolding in the endoplas-
mic reticulum (ER) to effect gene expression changes and restore ER homeostasis. Although 
many UPR-regulated genes encode ER protein processing factors, others, such as those en-
coding lipid catabolism enzymes, seem unrelated to ER function. It is not known whether UPR-
mediated inhibition of fatty acid oxidation influences ER function or, if so, by what mechanism. 
Here we demonstrate that pharmacological or genetic inhibition of fatty acid oxidation ren-
ders liver cells partially resistant to ER stress–induced UPR activation both in vitro and in vivo. 
Reduced stress sensitivity appeared to be a consequence of increased cellular redox potential 
as judged by an elevated ratio of oxidized to reduced glutathione and enhanced oxidative 
folding in the ER. Accordingly, the ER folding benefit of inhibiting fatty acid (FA) oxidation 
could be phenocopied by manipulating glutathione recycling during ER stress. Conversely, 
preventing cellular hyperoxidation with N-acetyl cysteine partially negated the stress resis-
tance provided by blocking FA oxidation. Our results suggest that ER stress can be amelio-
rated through alteration of the oxidizing environment within the ER lumen, and they provide 
a potential logic for the transient regulation of metabolic pathways by the UPR during stress.

INTRODUCTION
Although it is best known as the site of folding of secretory proteins 
and resident proteins of the endomembrane system, the endoplas-
mic reticulum (ER) is intimately connected, both functionally and 
physically, with essentially every other compartment of the cell and 
the processes that occur therein. This extensive interconnectivity 
suggests that conditions in the ER will affect, and be affected by, 
conditions elsewhere in the cell (Rutkowski and Hegde, 2010). Ac-
cordingly, it is reasonable to expect that signaling mechanisms have 
evolved to sense ER disruption and to influence the activity of other 
cellular pathways that affect ER function either directly or indirectly.

The unfolded protein response (UPR) is the best-understood sig-
naling mechanism linking conditions in the ER to the regulation of 
gene expression. Its activation is driven by ER stress—an imbalance 
between the need for nascent proteins to be properly folded, modi-
fied, assembled, and sent onward in the ER (collectively, “ER protein 
processing”) versus the capacity of the ER to match that need. Dis-
ruption to ER protein processing in vertebrates is sensed by three 
ER-resident transmembrane proteins—PERK, IRE1α, and ATF6 (α 
and β isoforms)—each of which initiates a unique signaling cascade 
that culminates in alterations in transcriptional regulation (Ron and 
Walter, 2007). For PERK, this effect is mediated by the eIF2α-
dependent transcription factor ATF4; IRE1α’s effect occurs through 
its unconventional splicing of mRNA encoding the XBP1 transcrip-
tion factor; and ATF6 is itself a transcription factor that is liberated 
by intramembrane proteolysis. Genes encoding ER chaperones, ER-
associated degradation factors, and other proteins participating in 
processes with obvious relevance to the protein-processing environ-
ment in the secretory pathway are all up-regulated by the UPR inde-
pendent of cell type. Yet the UPR also regulates the expression of 
genes with less obvious connections to ER protein folding; during 
ER stress in the liver, these include a host of genes encoding meta-
bolic regulators, the majority of which are down-regulated by the 
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2001). However, fatty acid (FA) oxidation, 
controlled by PPARα, as well as C/EBPα, 
PGC1α, and other regulators, takes place 
predominantly in mitochondria, and so its 
potential connection to ER homeostasis is 
unclear. Here we test the hypothesis that 
suppression of FA oxidation improves ER 
function.

RESULTS
Inhibition of fatty acid oxidation 
attenuates UPR activation in vivo
The observation that the UPR suppresses 
the expression of mRNAs encoding key 
components of the FA oxidation machin-
ery—including both transcriptional regula-
tors of the process such as PPARα and 
PGC1α and rate-limiting FA oxidation 
enzymes such as CPT1A and ACOX1 
(Rutkowski et al., 2008)—led us to speculate 
that suppression of FA oxidation might im-
prove ER function during stress. The most 
sensitive readout for the protein-folding ca-
pacity of the ER is UPR activation; when ER 
protein folding is compromised, a clear ef-
fect can often be seen in the extent of UPR 
activation even when changes in the pro-
tein-folding environment per se are subtle 

(Rutkowski et al., 2006; Wu et al., 2007). Thus, using UPR activation 
as a proxy for ER functionality, we tested the hypothesis that inhibi-
tion of FA oxidation improves ER protein processing during stress.

Intraperitoneal challenge of animals with the ER stress–inducing 
agent tunicamycin (TM), which blocks N-linked glycosylation, leads 
to UPR activation in the liver, suppression of a wide range of meta-
bolic genes, and dramatic accumulation of microvesicular lipid 
droplets in the organ (Rutkowski et al., 2008). Etomoxir (ET) is an ir-
reversible inhibitor of CPT1A, which carries out the rate-limiting step 
in FA β-oxidation (Weis et al., 1994). If inhibition of FA oxidation 
improves ER function, then ER stress in animals treated with TM and 
ET should result in attenuated UPR activation but also in substan-
tially fattier livers compared with mice challenged with TM alone.

Whereas both TM and ET alone led to an increase in hepatic lipid 
accumulation, treatment of animals with both agents led to much 
more dramatic fatty liver, shown here by up-regulation of the lipid 
droplet marker protein ADRP (Figure 1A). However, ET almost com-
pletely blocked the up-regulation of the PERK-dependent UPR tar-
get gene CHOP caused by TM at both the protein and mRNA levels 
(Figure 1, A and B). ET also attenuated IRE1α-dependent splicing of 
Xbp1 mRNA (Figure 1C). Although ET did not appear to block TM-
induced up-regulation of the ER chaperone BiP, ET treatment alone 
suppressed Bip mRNA expression (Figure 1, A and B). (Bip mRNA 
expression is also reduced in the livers of Atf6α-/- animals [D.T.R. 
lab, unpublished results], suggesting that, at least in the liver, the 
UPR contributes to basal Bip expression). These results show that 
the UPR is at least in part attenuated in the liver when FA oxidation 
is concomitantly inhibited. They raise the possibility that inhibition 
of FA oxidation influences ER functionality during stress.

Inhibition of FA oxidation protects cultured hepatocytes 
from ER stress
To better understand the potential mechanistic connection between 
inhibition of FA oxidation and ER function in a more experimentally 

UPR (Rutkowski et al., 2008; Yamamoto et al., 2010). Because the 
role of the UPR is to protect ER function, these findings suggest that 
metabolism is functionally connected to ER homeostasis.

The best-characterized example of an interconnection between 
metabolism and ER function is the feedback loop that accompanies 
feeding. Insulin signaling upon nutrient availability activates mTOR, 
which promotes protein synthesis and presumably increases the 
protein-folding burden on the ER (Hietakangas and Cohen, 2009). 
The ensuing UPR activation promotes JNK-mediated dephosphory-
lation and inactivation of the insulin receptor substrate in a pathway 
of negative feedback that would then suppress further activation of 
mTOR (Özcan et al., 2008). Unfortunately, chronic activation of this 
regulatory loop by the modern problem of overnutrition leads to 
insulin resistance and various downstream problems (Hotamisligil, 
2010). Nevertheless, this regulatory pathway illustrates how the UPR 
acts on a metabolic pathway (in this case, by nontranscriptional 
means) to protect ER function. More recently, the UPR has been 
shown to exert both transcriptional and translational control over 
metabolic pathways, including lipogenesis (Lee et al., 2008; Oyado-
mari et al., 2008), gluconeogenesis (Wang et al., 2009), lipoprotein 
production (Rutkowski et al., 2008; Yamamoto et al., 2010), and lipid 
catabolism (Rutkowski et al., 2008). It is thus possible that suppres-
sion of these processes might benefit the ER; however, it is not 
known whether flux through these metabolic pathways influences 
ER function or, if so, by what mechanism.

In previous work, we demonstrated that ER stress in the liver 
leads to suppression of genes encoding transcriptional master regu-
lators of metabolism, including C/EBPα, SREBP1, SREBP2, PPARα, 
PGC1α, and others, as well as the downstream targets of these mas-
ter regulators (Rutkowski et al., 2008). Some of the metabolic path-
ways controlled by these master regulators have intuitive connec-
tions to ER function, such as SREBP-mediated synthesis of very low 
density lipoprotein particles, which takes place in the ER lumen and 
heavily taxes the ER quality control machinery (Shelness and Sellers, 

FIgURE 1: Inhibition of FA oxidation reduces UPR activation in vivo. (A) Wild-type mice were 
injected with 0.25 mg/kg TM or 20 mg/kg ET alone or in combination. Animals were killed 
14 h after injection and liver homogenates prepared for immunoblotting against the ER 
chaperones BiP and GRP94, the PERK-dependent UPR target gene CHOP, or the lipid droplet 
marker protein ADRP. Asterisk denotes a nonspecific background band that shows equal protein 
loading. (B, C) In parallel, expression of Bip and Chop mRNAs taken from the same livers as in A 
were analyzed by qRT-PCR (B), or Xbp1 mRNA splicing was analyzed by conventional RT-PCR, 
and splicing was quantitated and is shown below the gel image (C). Xbp1 image is shown in 
black-to-white inverted form for visual clarity.
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block the pharmacological activity of TM (Supplemental Figure S1). 
We monitored the expression of the UPR target genes Bip and 
Chop, which are sentinels for UPR activation. In the absence of ER 
stress, there was a dose-dependent decrease in Bip mRNA expres-
sion (Figure 2A, left), as in vivo. When cells were treated with TM, ET 
led to a substantial attenuation of the stress-induced up-regulation 
of both Bip and Chop (Figure 2A, right).

tractable system, we turned to cultured rat FaO hepatoma cells. We 
previously showed that these cells suppress expression of key meta-
bolic genes during UPR activation in a manner similar to liver cells in 
vivo (Rutkowski et al., 2008). Thus important in vivo functional con-
nections between FA oxidation and ER homeostasis might be re-
tained in these cells. As in vivo, we treated cells with TM in the 
presence or absence of ET, after first confirming that ET does not 

FIgURE 2: Inhibition of FA oxidation by etomoxir attenuates UPR activation. (A) FaO hepatoma cells were treated for 
6 h with the indicated doses of ET in triplicate, in the absence (left) or presence (right) of 250 ng/ml TM. Expression of 
Bip and Chop mRNA was quantitated by qRT-PCR. Expression is given relative to cells treated with neither chemical 
(note the change in scale). In this and all subsequent figures, error bars denote SDs taken from three independent 
treatments, unless indicated otherwise. *p < 0.05; #p < 0.1. (B) Cells were treated with 250 ng/ml TM and/or 20 μg/ml 
ET for the indicated times, followed by RT-PCR to detect spliced (sp) and unspliced (us) Xbp1 mRNA. (C) Cells were 
treated for 4 or 8 h with TM in the presence or absence of 50 μg/ml ET, and expression of CHOP was detected by 
immunoblot. (D) Cells were transfected with a control β-galactosidase expression plasmid and a construct containing 
the firefly luciferase gene controlled by either a minimal Bip promoter, encompassing the 169 proximal nucleotides and 
containing three ER stress response elements (–169; Luo and Lee, 2002), or by five tandem copies of a UPR element (5x 
UPRE; Wang et al., 2000). Cells were then treated in triplicate for 14 h with 250 ng/ml TM and/or 100 μg/ml ET, followed 
by quantitation of luciferase activity from cell lysates, which was normalized against β-galactosidase activity. (E) Cells 
were pretreated for 3 h with 50 μg/ml ET or vehicle, and then 1 mM DTT was added for a further 2 or 3 h to all samples. 
Relative expression of Bip and Chop mRNAs was quantitated by qRT-PCR and is given for cells pretreated with ET 
relative to cells that were not treated with ET. Statistical significance was determined by two-factor analysis of variance 
(treatment and time), with the p values for ET treatment shown.
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pound C. GW6471 antagonizes the transcription factor PPARα, 
which transcriptionally activates the FA oxidation gene program (Xu 
et al., 2002). Compound C is a competitive inhibitor of AMPK, a ki-
nase that stimulates FA oxidation through phosphorylation-depen-
dent inhibition of acetyl-CoA carboxylase (Zhou et al., 2001). Both 
chemicals substantially reduced splicing of Xbp1 and up-regulation 
of the UPR target genes Bip, Chop, and Wars (Wars encodes the 
ATF4-dependent tryptophanyl-tRNA synthetase) upon TM treat-
ment (Figure 3, A–D). Suppression of UPR transcriptional activity 
could also be achieved by short hairpin RNA (shRNA; despite in-
complete knockdown; Supplemental Figure S3) against either Pparα 
or Cpt1a compared with a control shRNA; an shRNA against an ir-
relevant target had no such effect (Figure 3E). Collectively, the data 
in Figures 1–3 demonstrate that inhibition of FA oxidation, by any of 
multiple means, suppresses UPR activation.

ET treatment attenuated UPR activation by other independent 
measures as well. At several time points, the IRE1-dependent splic-
ing of Xbp1 mRNA was reduced in TM-treated cells that were ex-
posed to ET (Figure 2B). Similarly, ET suppressed the up-regulation 
of CHOP protein, which occurs largely as a consequence of PERK 
activation (Figure 2C), as well as up-regulation of UPR-dependent 
luciferase reporters (Figure 2D). Pretreatment with ET also reduced 
up-regulation of Bip and Chop mRNA and the splicing of Xbp1 
mRNA in cells treated with the ER stress-inducing reductant dithio-
threitol (DTT), which elicits ER stress by a mechanism distinct from 
that of TM (Figures 2E and S2). Taken together, these results indicate 
that ET broadly diminishes global UPR activation during ER stress.

To determine whether inhibition of FA oxidation by other means 
could also lead to suppression of UPR activation, we treated cells 
with TM in the presence or absence of either GW6471 or Com-

FIgURE 3: Inhibition of FA oxidation by several means attenuates UPR activation. (A, B) Cells were treated in triplicate 
with 250 ng/ml TM or vehicle in the presence or absence of GW6471 and RNA was analyzed for Xbp1 splicing (A) or for 
expression of the UPR target genes Bip, Chop, and Wars by qRT-PCR (B). (C, D) Cells were treated as in A and B, 
but with Compound C (CC) instead of GW6471. (E) Cells were cotransfected with the –169 luciferase construct, a 
β-galactosidase transfection control, and a plasmid containing either a control shRNA or an shRNA targeting Pparα, 
Cpt1a, or an irrelevant gene. Luciferase expression was quantitated 8 h after TM treatment from three independent 
plates per condition.
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there are few reliable probes for ER protein folding (Lai et al., 2010). 
Indeed, even a fairly significant perturbation of this capacity, in the 
form of deletion of ATF6α, results in only subtle changes in the ef-
ficiency with which proteins progress through the secretory pathway 
(Wu et al., 2007). Consistent with this limitation, treatment of cells 
with ET had no appreciable effect on the passage of ER client pro-
teins through ER quality control or their secretion, which can serve 
as indirect measures of ER protein processing (Supplemental Figure 
S4). However, one of the essential functions of the ER as a folding 
environment is the oxidation of client proteins, catalyzed by resident 
oxidases and thiol isomerases; this need accounts for why reducing 
agents such as DTT elicit ER stress. To assess this aspect of ER func-
tion, we monitored the oxidative folding status of the ER by assess-
ing the resistance of an ER client protein—albumin, which forms 17 
disulfide bonds—to reduction by DTT. To discriminate oxidized from 
reduced albumin, we modified lysate proteins with polyethylene 
glycol (PEG)–maleimide, which adds an ∼3-kDa PEG moiety to re-
duced, but not oxidized, cysteine residues and can readily be de-
tected as a mobility shift upon SDS–PAGE (Figure 4A). Both ET and 
GW6471 rendered albumin partially resistant to the reducing effects 
of DTT treatment (Figure 4B), suggesting a relatively hyperoxidizing 
ER lumen. Even absent DTT, we also found a preponderance of the 
ER-resident oxidoreductase ERO1α to exist in a more highly oxi-
dized state in the presence of ET than in its absence (Figure 4C). 
Although other effects of ET and GW6471 on ER functionality can-
not be ruled out, these results demonstrate a measurable effect of 
inhibition of FA oxidation on ER protein folding, which could con-
ceivably improve the folding environment during stress.

ET was previously reported to decrease the level of intracellular 
reduced glutathione in both human hepatoma and glioblastoma 
cells (Vickers et al., 2006; Pike et al., 2010). We likewise observed 
decreases in total cellular glutathione levels without decreases in 
oxidized glutathione (glutathione disulfide [GSSG]) upon treatment 
with ET (Figure 5A), indicative of an increased cellular GSSG/re-
duced glutathione (GSH) ratio. GSSG likely does not act in nascent 
protein oxidation directly, but rather acts as a redox buffer to main-
tain the oxidative potential of the ER lumen (Bulleid and Ellgaard, 
2011). Thus an increased GSSG/GSH ratio would be expected to 
create a hyperoxidizing ER lumen. In addition, the primary role of 
reduced glutathione is to neutralize reactive oxygen species (ROS; 
Yuan and Kaplowitz, 2009). Consistent with the decrease in reduced 
glutathione, inhibition of FA oxidation led to an increase in oxidative 
damage to proteins, detected by increased protein carbonylation in 
the presence of ET or GW6471 (Figure 5B). This result is consistent 
with previous reports linking ET to ROS accumulation (Merrill et al., 
2002; Pike et al., 2010). Taken together, the results in Figures 4 and 
5 suggest that inhibition of FA oxidation leads to a hyperoxidizing 
cellular environment, both in the ER, seen in protein oxidative fold-
ing, and in the cytoplasm, seen in decreased antioxidative potential 
and increased ROS-mediated damage to proteins.

Protection from ER stress can be phenocopied by direct 
modulation of glutathione
Our data demonstrate a correlation among inhibition of FA oxida-
tion, increased cellular oxidizing potential, and attenuated UPR 
activation. We hypothesize that inhibiting FA oxidation protects ER 
function during stress by influencing glutathione recycling. If this 
model is correct, then enhancing the production of GSSG should 
phenocopy inhibition of FA oxidation and protect against ER 
stress. Conversely, suppressing the production of GSSG should 
block the ability of inhibition of FA oxidation to protect against ER 
stress.

Inhibition of FA oxidation enhances oxidative folding status 
in the ER
Inhibition of FA oxidation might suppress UPR activation during ER 
stress either by improving the ER folding environment or simply by 
directly inhibiting the activation of the ER-resident stress sensors 
(ATF6, IRE1, and PERK) during stress. These models can in principle 
be distinguished based on whether ER protein folding improves or 
worsens as a consequence of inhibition of FA oxidation. However, 
the ability of the ER to efficiently fold and process proteins for ex-
port is difficult to assess, particularly in mammalian cells, for which 

FIgURE 5: Inhibition of FA oxidation impairs cellular antioxidant 
defense. (A) Total glutathione (left) and GSSG (right) were measured 
in lysates from cells treated with or without TM and 50 μg/ml ET 
for 4 h. Both species were measured as described in Materials and 
Methods. n = 3 independent plates. (B) Cells were treated for 8 h with 
vehicle, 100 μg/ml ET, or 5 μg/ml GW6471, or for 1 h with 1 mM 
H2O2. Protein carbonylation was detected in lysates by reaction with 
2,4-dinitrophenylhydrazine (DNP) and detection by an anti-DNP 
antibody.
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expression during TM treatment, and it also 
modestly lessened the ability of GW6471 to 
do so (Figure 7C). (Results using other read-
outs—e.g., Xbp1 splicing or Bip expres-
sion—were more ambiguous due to large 
error terms, which likely were a consequence 
of the combination of several experimental 
manipulations.) These results suggest that 
at least part of the protective effects of inhi-
bition of FA oxidation arise through modula-
tion of glutathione oxidation status and its 
attendant consequences on cellular redox 
potential.

DISCUSSION
In this study, we showed that inhibiting FA 
oxidation suppresses UPR activation during 
ER stress. Inhibition of FA oxidation pro-
motes a more-oxidizing cellular environ-
ment, both for glutathione and for ER-resi-
dent and client proteins, at the apparent 
expense of antioxidant defense. Inhibition 
of PPP-dependent glutathione reduction 
also alleviated ER stress, underscoring the 
impact of changes in cellular redox potential 
on the ER folding environment. Our work 
suggests that flux through at least one met-
abolic pathway nominally unconnected to 
the ER can have surprising consequences 
for ER function during stress.

Our data support a model in which inhi-
bition of FA oxidation protects the ER envi-

ronment by promoting oxidative folding during stress and so re-
duces the effects of that stress (Figure 7D). This model is consistent 
with the observation that ER stress, induced either pharmacologi-
cally or by overexpression of misfolded proteins, creates a hypo-
oxidizing environment in the ER lumen (Merksamer et al., 2008). The 
resistance of an ER client protein to reduction (Figure 4B) suggests 
that inhibition of FA oxidation leads to a bona fide alteration in the 
ER folding environment, presumably for the better. We believe this 
model best explains our data when taken together, although we 
cannot exclude the possibility that ET, GW6471, Compound C, and 
DHEA alleviate ER stress by some other shared mechanism. Con-
ceivably, these agents might improve ER function by simply inhibit-
ing protein synthesis, although we have not consistently found evi-
dence to support this view; although ET and GW6471 appear to 
inhibit protein synthesis to a small extent immediately after addi-
tion, they do not do so at later time points (Supplemental Figure 
S4). The observation that knockdown of CPT1A or PPARα also sup-
presses UPR signaling supports the notion that the effects of inhibit-
ing FA oxidation are biological rather than pharmacological. We 
also cannot formally exclude the possibility that inhibition of FA oxi-
dation simply suppresses activation of the UPR sensors; indeed, at 
least ATF6 requires disulfide bond reduction for its activation 
(Nadanaka et al., 2007), and so a hyperoxidizing ER could suppress 
the transit of ATF6 to the Golgi, where it is cleaved. We would ex-
pect that direct impairment of the UPR absent an improvement in 
ER folding would actually lead to an exacerbated protein folding 
problem. However, we found no evidence that ET impairs ER pro-
tein folding or secretion (Supplemental Figure S4). The resolution of 
methods probing the ER folding environment in mammalian cells 
limits the conclusions that can be drawn at present.

A primary source of reducing equivalents from the recycling of 
GSSG to GSH is the pentose phosphate pathway (PPP)—an alter-
nate pathway of glucose metabolism that is particularly active in 
certain tissues, including liver, and is used to generate both NA-
DPH and 5-carbon sugars (Wamelink et al., 2008). NADPH gener-
ated by PPP is used in the reductive biosynthesis of FAs, as well as 
in reduction of GSSG to GSH by glutathione reductase (Figure 
6A). Inhibition of PPP in general, or glutathione reductase in par-
ticular, increases the cellular GSSG/GSH ratio (Sies et al., 1983; 
Zhao et al., 2009). Thus we reasoned that direct inhibition of PPP 
should mimic the effects of FA oxidation inhibitors. To test this 
hypothesis, we treated cells with dehydroepiandrosterone (DHEA), 
which is an uncompetitive inhibitor of glucose-6-phosphate dehy-
drogenase (G6PDX; Gordon et al., 1995; Seefeldt et al., 2009). 
Similar to treatment with ET (Figure 4B), DHEA treatment led to 
a resistance of albumin to reduction by DTT (Figure 6B). DHEA 
reduced splicing of Xbp1 mRNA and up-regulation of UPR target 
genes in a dose-dependent manner upon treatment with TM 
(Figure 6, C and D).

To test whether the protective effects of FA oxidation inhibition 
required elevation of the GSSG/GSH ratio, we challenged cells with 
TM in the presence or absence of both an FA oxidation inhibitor (ET 
or GW6471) and N-acetyl cysteine (NAC), which stimulates GSH 
production at the expense of GSSG (Figure 7A; Simons et al., 2007). 
NAC treatment led to a greater percentage of ERO1α being found 
in a more reduced form (Figure 7B), which is in contrast to the ef-
fects of ET and GW6471 (Figure 4C). (By comparison, the bona fide 
reducing agent DTT leaves no ERO1α fully oxidized, which likely 
explains why DTT induces ER stress but NAC appears not to.) We 
found that NAC blocked the ability of ET to suppress Chop mRNA 

FIgURE 6: Inhibition of the pentose phosphate pathway phenocopies inhibition of FA 
oxidation. (A) Schematic representation of PPP, with targets of DHEA and NAC indicated. 
NADPH is used in production of reduced glutathione, reductive fatty acid synthesis, and 
production of 11-β-hydroxysteroids from 11-ketoglucocorticoids. (B) Cells were treated with 
150 μM DHEA for 4 h, and then 2 mM DTT was added for 1 h. Reduced and oxidized forms of 
albumin were detected by immunoblot following modification of lysates with PEG-maleimide as 
in Figure 4B. (C) Cells were treated in triplicate with 150 μM DHEA in the presence or absence 
of TM. Xbp1 splicing was detected by RT-PCR. (D) Cells were treated with TM in the presence of 
increasing concentrations of DHEA (50, 150, 500 μM), and the expression of Bip, Chop, and 
Wars mRNA was quantitated by qRT-PCR.
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alone is sufficient to induce ER stress absent some additional chal-
lenge, as might be expected, given that suppression of FA oxidation 
appears to alleviate ER stress. However, consistent with this idea, 
two recent articles demonstrate that sustained FA oxidation reduces 
hepatic lipid accumulation but induces ER stress (Huang et al., 
2011a, 2011b).

A growing body of evidence suggests that activation of the 
UPR is accompanied by impaired defense against oxidative stress 
(Marciniak et al., 2004; Malhotra et al., 2008; Li et al., 2009). In this 
work as well, UPR activation appears to exacerbate ROS forma-
tion. In fact, the concomitant increase in oxidative stress that ac-
companies improvement in ER functionality upon inhibition of FA 
oxidation suggests that protecting or enhancing the environment 
in one compartment sacrifices it in another. Choosing between pri-
orities presumably reflects a triaging mechanism on the part of the 
cell. Although treatment with TM is an obviously superphysiologi-
cal stressor, there is reason to believe that such triaging decisions 
are relevant to physiological stresses as well. For example, the UPR 
is activated in the liver by feeding after a fast and then ebbs in the 
postprandial state (Oyadomari et al., 2008; Pfaffenbach et al., 
2010). Accordingly, during such stresses antioxidant defense could 
be temporarily compromised while the ER adapts to stress caused 
by increased mTOR-dependent protein load and then restored 
once insulin signaling is suppressed.

Finally, the observation that inhibition of PPP phenocopies the 
effects of inhibiting FA oxidation raises the question of whether FA 
oxidation is directly connected to PPP. Of interest, Pparα−/− mice 
show reduced PPP activity, whereas dietary stimulation of PPARα 
increases PPP activity, suggesting that inhibition of FA oxidation 
might diminish levels of reduced glutathione via inhibition of PPP 
(Xu et al., 2004; Oosterveer et al., 2009). The oxidative phase of PPP 
is activated by the mTOR pathway, which also is required for eliciting 
ER stress during feeding (Oyadomari et al., 2008; Duvel et al., 2010; 
Pfaffenbach et al., 2010). Thus inhibition of PPP via suppression of 
FA oxidation could in principle represent a mechanism for attenuat-
ing mTOR-induced ER stress. Furthermore, genetic manipulation of 
PPP in both yeast and mammals alters sensitivity to ER stress, under-
scoring an emerging and complex functional connection between 
the two processes (Lavery et al., 2008; Tan et al., 2009). Together, 
these results suggest a nexus among ER stress, FA oxidation, and 
PPP, and it will be interesting to determine whether these processes 
are indeed coordinately regulated.

Our findings support the idea that flux through metabolic path-
ways influences the maintenance of homeostasis in the ER during 
stress, even when these pathways take place elsewhere in the cell. 
To the extent that inhibition of FA oxidation results in lipid accumu-
lation and oxidative stress, they suggest that the efforts of the UPR 
to protect ER homeostasis might in some cases occur even at the 
expense of cellular well-being.

MATERIALS AND METHODS
Materials
Materials were purchased from the following sources: TM, EMD 
Biosciences, San Diego, CA; ET, GW6471, Compound C, DHEA, 
and NAC, Sigma-Aldrich, St. Louis, MO; and PEG–maleimide 
(TMM(PEG)12), Thermo Scientific, Waltham, MA. TM, GW6471, 
Compound C, and DHEA were prepared and aliquoted as stock 
solutions in dimethyl sulfoxide (DMSO). ET was prepared in 10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.9), 
and NAC was prepared fresh as a 1 M solution in sodium bicarbon-
ate. Some lot-to-lot variability was observed in the strength of pro-
tection against ER stress conferred by ET. Antibody sources were as 

Because suppression of FA oxidation protects against ER stress, 
an obvious question is whether the suppression of metabolic genes 
by the UPR, including those involved in FA oxidation (Pparα, Cpt1a, 
etc.), is carried out for this purpose. If this is true, then maintenance 
of expression of genes important in FA oxidation should exacerbate 
ER stress. This prediction is the subject of ongoing investigation. 
Similarly, we are still studying whether stimulation of FA oxidation 

FIgURE 7: Diminishing GSSG ablates protection from ER stress by 
inhibition of FA oxidation. (A) Cellular levels of total glutathione and 
GSSG were determined as in Figure 5A in cells treated for 4 h with 
250 ng/ml TM alone or TM plus 20 mM NAC. The percentage of 
glutathione as GSSG, shown here, was calculated from those two 
measurements. (B) The relative oxidation state of ERO1α was 
determined in cells treated in duplicate as in A. The densitometrically 
quantitated ratio of oxidized to reduced ERO1α is given below the 
image. (C) Cells were pretreated for 1 h with 20 mM NAC. Then 
250 μg/ml TM was added to the media, along with vehicle, 50 μg/ml 
ET, or 5 μg/ml GW6471. After 4 h, Chop mRNA expression was 
assessed by qRT-PCR and is expressed here relative to cells treated 
with or without NAC, in the absence of an inhibitor of FA oxidation. 
Thus ET and GW6471 reduce Chop expression during TM treatment 
when NAC is absent but not (or not as much) when it is present. 
n = 6 samples for each condition from two separate experiments. 
(D) Working model to describe the relationship among fatty acid 
oxidation, glutathione, oxidative folding, and ER stress. See 
Discussion for details.
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follows: KDEL (SPA-827; Enzo Life Sciences, Plymouth, PA); CHOP 
(sc-793; Santa Cruz Biotechnology, Santa Cruz, CA); β-tubulin (TUB 
2.1, Sigma-Aldrich); alpha–1-antitrypsin (A0012; Dako, Carpinteria, 
CA); and anti–albumin-horseradish peroxidase (PA1-29267; Thermo 
Scientific. Anti-ERO1α was a kind gift of Roberto Sitia (Fondazione 
San Raffaele, Milan, Italy). Oxyblot kit for detecting protein carbo-
nyls was from Millipore (Billerica, MA).

Animal experiments
The University of Iowa Institutional Animal Care and Use Committee 
approved all animal procedures. Animals were from the C57BL/6J 
strain, housed in the University of Iowa pathogen-free facility on a 
12-h light/dark cycle. Mice were injected intraperitoneally with TM 
and/or ET dissolved in 10 mM HEPES, pH 7.9, or vehicle control. 
Animals were killed by isofluorane overdose, and liver pieces were 
flash frozen in liquid nitrogen. Tissue samples were homogenized 
in either TRIzol (Invitrogen, Carlsbad, CA) for RNA analysis or in RIPA 
buffer for protein analysis as described (Rutkowski et al., 2008).

Cell culture experiments
Procedures for molecular cloning, TM injections, cell culture, and 
molecular analysis (including immunoblotting, RT-PCR, quantitative 
RT-PCR (qRT-PCR), endoglycosidase H digestion, and luciferase as-
says) used methods that have been described exhaustively else-
where (Rutkowski et al., 2006, 2008; Wu et al., 2007). Full details are 
given in the Supplemental Material, including sequences of oligo-
nucleotides not previously published (Supplemental Table S1). All 
bar graphs show means ± SD. Statistical significances were deter-
mined by Student’s two-tailed t test, except, where indicated, by 
analysis of variance. All statistically significant values (p < 0.05) are 
represented by asterisks; in some cases, exact p values are given. #, 
0.1 > p > 0.05. For PEG-maleimide treatment, cells were lysed in 2% 
SDS 100 mM Tris (final pH 6.8) and heated to 100°C for 15 min. 
Equal aliquots were treated with either 4 mM PEG-maleimide or 
DMSO for 30 min at 37°C, followed by quenching with 100 mM 
DTT. Total and oxidized glutathione levels were measured using a 
spectrophotometric recycling method based on measuring the rate 
of reduction of Ellman’s reagent in the presence of glutathione re-
ductase and NADPH (Simons et al., 2007). Increasing quantities of 
genuine GSH were used to construct a standard curve, and results 
from samples were expressed per milligram of protein determined 
using the Lowry protein assay. Preincubation with 2-vinylpyridine 
was used to measure GSSG in the presence of GSH.
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