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ABSTRACT Two related ER oxidation 1 (ERO1)
proteins, ERO1� and ERO1�, dynamically regulate the
redox environment in the mammalian endoplasmic
reticulum (ER). Redox changes in cysteine residues on
intralumenal loops of calcium release and reuptake
channels have been implicated in altered calcium re-
lease and reuptake. These findings led us to hypothe-
size that altered ERO1 activity may affect cardiac
functions that are dependent on intracellular calcium
flux. We established mouse lines with loss of function
insertion mutations in Ero1l and Ero1lb encoding
ERO1� and ERO1�. The peak amplitude of calcium
transients in homozygous Ero1� mutant adult cardio-
myocytes was reduced to 42.0 � 2.2% (n�10, P<0.01)
of values recorded in wild-type cardiomyocytes. De-
creased ERO1 activity blunted cardiomyocyte inotropic
response to adrenergic stimulation and sensitized mice
to adrenergic blockade. Whereas all 12 wild-type mice
survived challenge with 4 mg/kg esmolol, 6 of 8 com-
pound Ero1l and Ero1lb mutant mice succumbed to this
level of � adrenergic blockade (P<0.01). In addition,
mice lacking ERO1� were partially protected against
progressive heart failure in a transaortic constriction
model [at 10 wk postprocedure, fractional shortening
was 0.31�0.02 in the mutant (n�20) vs. 0.23�0.03 in
the wild type (n�18); P<0.01]. These findings estab-
lish a role for ERO1 in calcium homeostasis and
suggest that modifying the lumenal redox environ-
ment may affect the progression of heart failure.—
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Protein thiol oxidation in the endoplasmic reticu-
lum stabilizes the tertiary structure of the lumenal

domains of secreted and membrane-bound proteins.
Thiol oxidases and oxidoreductases generate disulfide
bonds in the lumen of the ER and transfer these to
unfolded nascent proteins. The ER also maintains a
parallel reductive process by which misplaced disulfides
are shuffled or reduced (1). Deviation from physiolog-
ical redox in the ER lumen interferes with proper
maturation of secreted proteins, imposes unfolded
protein stress in the organelle, and activates stress
signal transduction pathways. The latter are known as
the unfolded protein response that coordinates a rec-
tifying response enhancing the expression of genes
generally involved in ER protein biogenesis and in
oxidative protein folding (reviewed in refs. 2, 3).

ER oxidation 1 (ERO1) encodes an enzyme that gen-
erates disulfides in the lumen of the ER by transferring
electrons from reduced cysteines to molecular oxygen.
Simple eukaryotes, such as yeast and worms, require
ERO1 for oxidative folding of secreted proteins (4, 5).
Mammals have 2 ERO1 genes: a broadly expressed �
isoform, encoded by Ero1l (or Ero1�). and a � isoform,
encoded by Ero1lb (or Ero1�), whose expression is
greatly enriched in the insulin-producing � cells of the
endocrine pancreas (6). Homozygous Ero1� mutant
mice have a modest defect in oxidative folding of
insulin (the major secretory product of � cells) and
develop mild glucose intolerance (7). Homozygous
Ero1� mutant mice are superficially indistinguishable
from wild-type mice (see below) and even compound
homozygous Ero1�; Ero1� mutant mice are viable, and
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their secretory cells are capable of sustained oxidative
protein folding (7, 8). Similar observations in flies (9)
point to the existence of redundant mechanisms for
disulfide bond formation in the endoplasmic reticulum
of higher eukaryotes. Together, these suggest the pos-
sibility that in more complex eukaryotes, ERO1 en-
zymes may regulate aspects of ER redox that are
relevant to processes beyond folding of secreted pro-
teins.

Calcium metabolism has a pervasive role in cardiac
function and dysfunction (reviewed in refs. 10, 11), and
redox changes on the cytoplasmic side of the sarcoplas-
mic reticulum membrane are known to affect calcium
channels and pumps (reviewed in ref. 12). However,
several studies have also suggested links between ER
lumenal thiol redox and calcium metabolism by the
organelle: Mixed disulfides between the ER-localized
oxidoreductase ERp44 and cysteines on the third lumi-
nal loop of the inositol 1,4,5-trisphosphate receptor
isoform 1 (IP3R1) have been implicated in inhibiting
the activity of this ligand-regulated calcium release
channel (13). Cysteine-dependent interactions of the
oxidoreductase ERp57 with the fourth lumenal loop of
the sarcoplasmic reticulum calcium ATPase isoform 2b
(SERCA 2b) inhibits calcium reuptake into the ER by
this ATP-driven pump (14). These regulatory events are
directly affected by the redox state of thiols in the calcium-
handling proteins and their oxidoreductase partners and
are thus predicted to be sensitive to the redox state of the
ER lumen.

The ER stress-induced transcription factor CHOP,
which activates ERO1� (15), is induced in the over-
loaded and failing heart muscle, and recent evidence
suggests that ablation of the CHOP-encoding gene,
Ddit3, may be protective in heart failure induced by
pressure overload (16). These observations prompted
us to examine the role of ERO1 on calcium handling in
the heart. Here, we report on the finding that attenu-
ated ERO1� activity diminishes the amplitude of cal-
cium transients in cardiomyocytes, sensitizing hearts to
adrenergic blockade in vivo and blunting the progres-
sion to heart failure in response to hemodynamic
overload.

MATERIALS AND METHODS

Animal breeding, genotyping, surgery, and hemodynamic
and cardiac measurements

All experiments performed on mice were approved by the
New York University Institutional Animal Care and Use
Committee, and were carried out in accordance with Public
Health Service Guidelines for the Care and Use of Laboratory
Animals. Mice breeding and genotyping were performed as
described previously (7).

Transaortic constriction (TAC) was performed on wild-
type and Ero1� mutant male mice (3 to 4 mo of age), as
described previously (17, 18).

Left ventricular dimensions and function were assessed
noninvasively by echocardiography using an ATL 5000CV
Ultrasound System (Philips Medical, Bothell, WA, USA), and

invasively using a Mikro-Tip pressure transducer catheter
(Millar Instruments, Houston, TX, USA), as described previ-
ously (17, 19), with or without previous intravenous injection
of esmolol hydrochloride (Sigma, St. Louis, MO, USA).

Cell culture, hypoxia treatment, and redox analysis

Wild-type, homozygous Ero1�, and compound homozygous
Ero1�; Ero1� mutant mouse embryonic fibroblasts (MEFs),
isolated at embryonic day 13.5, were immortalized with SV-40
large T antigen and cultured in DMEM supplemented with 25
mM glucose, 10% FCS and nonessential amino acids, as
described previously (7).

Prior to experiments, MEFs were plated at 80% confluence
and grown at 37°C and 5% CO2. To generate hypoxic
conditions, cells were placed in a Plas-Labs environmental
chamber (Plas-Labs, Inc., Lansing, MI, USA) for the indicated
period of time. The oxygen concentration in the chamber was
maintained at �0.1% for all experiments, as assessed by an
Alpha Omega oxygen analyzer (Alpha Omega Instruments,
Cumberland, RI, USA).

Where indicated, cells were exposed to a brief pulse of
dithiothreitol followed by a washout period during which they
were lysed in N-ethylmaleimide-containing buffer; the pro-
teins were resolved by gel electrophoresis in reducing or
nonreducing conditions and blotted for protein disulfide
isomerase, GRP94, BiP (SPA-827; Stressgen, Victoria, BC,
Canada), ERO1� (7), and �-actin (clone AC-74; Sigma), as
described previously (8).

QM295 (5(4H)-isoxazolone, 4-[(4-hydroxy-3-methoxyphe-
nyl)methylene]-3-phenyl; 5904135; Chembridge, San Diego,
CA, USA) was dissolved in DMSO at 10 mM and applied to
cells at a final concentration of 50 �M, as described
previously (20).

Measurements of the redox state in MEFs transduced with
the ER-localized FLAG-roGFP_iE (21) was performed as
described previously (8).

Adult cardiomyocyte isolation and calcium transient
measurements

Adult cardiomyocytes were isolated using an established en-
zymatic digestion protocol yielding 60–80% rod-shaped,
Ca2�-tolerant myocytes. Intracellular calcium transients were
recorded as described previously (22). In brief, cells were
exposed to a dye-loading solution consisting of a Tyrode’s
solution: 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
10 mM HEPES, and 5.6 mM glucose; pH was adjusted to 7.4
with NaOH at 22°C. Where indicated, the cells had been
pretreated for 180 min with QM295 (25 �M), and the
inhibitor was included in the Tyrode’s solution. The dye-
loading solution using Tyrode’s supplemented with 0.5 �M
Fura-2 acetoxymethyl ester (Fura-2/AM; Invitrogen, Eugene,
OR, USA) with or without QM295 (25 �M). Cells were
exposed to Fura-2/AM for 6 min at 22°C. The loading
solution was removed, and cells were washed and equilibrated
in fresh Tyrode’s solution for 30 min at 22°C to allow
deesterification of the dye before recording. Cells were
field-stimulated at 0.5 Hz to achieve steady state, and fluores-
cent signals were acquired using a �40 UVF objective (nu-
merical aperture 1.0; Nikon, Tokyo, Japan), and dual excita-
tion wavelength microfluorimetry PMT system (IonOptix
Corp., Milton, MA, USA).

Immunoblotting and mRNA analysis of gene expression in
tissue

Cells were harvested in PBS with 1 mM EDTA containing 20
mM N-ethylmaleimide (NEM), and were lysed in buffer
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containing 20 mM HEPES (pH 7.9), 50 mM NaCl, 0.5 M
sucrose, 0.1 mM EDTA, 0.5% Triton X-100, and 20 mM NEM
plus protease inhibitors in the presence and absence of
dithiothreitol, and blotted with rabbit anti-ERO1� (7), mouse
monoclonal anti-KDEL (SPA-827; Stressgen, Victoria, BC,
Canada), and mouse monoclonal anti-�-actin antibodies
(clone AC-74; Sigma).

Total RNA was isolated using RNA STAT-60 reagent (AMS
Biotechnology, Abingdon, UK) and then reverse-transcribed
using random 12-mer primers. Quantitative PCR was then
assessed using SYBR Green 1 by iCycler iQ (Bio-Rad, Hercu-
les, CA, USA) using gene-specific primers purchased from
Fisher Scientific (Hampton, NH, USA).

Statistical analysis

All kinetic parameters and results are expressed as means � se, and
compared using unpaired 2-tailed Student’s t test. Tests for
differences were performed using repeated measures
ANOVA with a suitable ANOVA post hoc test or Student’s t
test where appropriate. A value of P � 0.05 was considered
significant.

RESULTS

ERO1� contributes to ER redox state in hypoxic cells

Random mutagenesis of the mouse genome in embry-
onic stem cells yielded a clone, XST171, with an
insertion of a promoter trap into exon 6 of the Ero1�
gene (Supplemental Fig. S1). Germline transmission of
the mutant allele from chimeric mice yielded lines of
mutant mice in whose cells ERO1� expression was
reduced �95%, to undetectable levels in most circum-
stances (refs. 7, 8 and Fig. 1B). Surprisingly, under
basal conditions, this mutation had little or no measur-
able effect on ER redox or on the rate of oxidative
folding of insulin or immunoglobulin (7, 8). There-
fore, we wondered whether the mutation might gain
importance under conditions in which ERO1� expres-
sion is induced by acute stress. Ero1� expression in-
creased substantially in MEFs grown under hypoxic
conditions (Fig. 1A, B), as reported previously (23).
Furthermore, the induced, endogenous protein colo-

Figure 1. Hypoxia-induced expression of ERO1� and a reduced ER redox state in hypoxic cells lacking ERO1. A) RT-PCR
analysis of mRNA prepared from wild-type (WT) and Ero1� mutant (� mut) MEFs following exposure to hypoxia for the
indicated period of time. �-Actin served as a loading control (bottom panel). B) Immunoblots of proteins extracted from WT
and � mut cells following exposure to hypoxia for the indicated period of time. GRP94, BiP, and PDI are markers of ER proteins
positively regulated by the unfolded protein response; �-actin is a cytosolic loading control. C) Immunoblot of the ER-localized
redox marker protein roGFP1_iE immunoprecipitated from extracts of WT and Ero1�; Ero1� compound-mutant (�� mut) cells
and resolved by reducing or nonreducing SDS-PAGE. Positions of the reduced (-red) and oxidized (-ox) forms of roGFP_iE and
background bands (asterisks) are indicated. Note the similar distribution of roGFP1_iE between the reduced and oxidized form
under basal conditions in both cell types and the accumulation of reduced form in the mutant cells following exposure to
hypoxic conditions. Note also the accumulation of reduced ERO1� protein in the hypoxic WT cells, an indication that ERO1�
activity is substrate limited under these conditions. D) Immunoblot of endogenous PDI isoforms (reactive with anti-PDI antibody
SPA-891; Stressgen), extracted from normoxic or hypoxic WT and � mut MEFs following a reductive pulse with dithiothreitol
and washout. Positions of the reduced and oxidized forms of the protein are indicated; asterisk indicates position of a
redox-insensitive protein that also reacts with this antibody. Note the marked delay in reoxidation of PDI in the hypoxic mutant cells.
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calized with an ER marker (Supplemental Fig. S2),
consistent with ERO1�’s role as an ER oxidase.

To gauge the effect of ERO1� deficiency on ER
redox, we exploited a recently described marker con-
sisting of a modified green fluorescent protein engi-
neered to contain a metastable disulfide bond (21).
Presently, optical readout of redox changes in ER-
localized roGFP_iE is unreliable, but the presence or
absence of the disulfide bond can be assessed by the
migration of the alkylated protein on nonreducing
SDS-PAGE. In MEFs cultured at atmospheric concen-
tration of oxygen, lack of ERO1� did not measurably
affect the steady-state distribution of roGFP_iE between
its reduced and oxidized forms (21). However, whereas
wild-type MEFs were able to defend the physiological
equilibrium between the reduced and oxidized roGFP_iE
following exposure to hypoxic conditions, the marker
accumulated in its reduced form following similar
exposure of the mutant cells (Fig. 1C). Not all disulfide
bonds were disrupted in the hypoxic mutant cells; the
disulfide detected by an anti-PDI antibody was unaf-
fected by hypoxia in cells of either genotype (compare
lanes 1 and 6 in Fig. 1D). Nonetheless in the absence of
ERO1�, the reoxidation of the sentinel disulfide in this
PDI family member was significantly delayed during the
washout period following a pulse of the reducing agent
dithiothreitol; a delay that was far more conspicuous in

the hypoxic mutant cells (compare upper and middle
panels in Fig. 1D). Together, these observations reveal
an abnormal ER redox state in stressed cells lacking
ERO1�, shifting the redox poise toward the reduced
state of lumenal disulfides.

ERO1� promotes calcium homeostasis in adult
mouse cardiomyocytes

In as much as links have emerged between ER luminal
redox and calcium metabolism by the organelle, we
examined intracellular calcium homeostasis in ERO1-
deficient cardiomyocytes, a cell type with highly regu-
lated intracellular calcium dynamics. Dynamic changes
in intracellular calcium concentration are integral to
regulation of acto-myosin interactions and cardiac con-
tractility; defects in calcium handling modulate me-
chanical performance and may also promote electrical
instability and cardiac arrhythmias (24). The peak
amplitude of depolarization-induced changes in cyto-
solic calcium concentrations in paced freshly isolated
adult cardiomyocytes (i.e., calcium transients) was two-
fold lower in homozygous Ero1� mutant cells compared
with wild-type cells (Fig. 2�, �). In addition, relaxation
of the calcium transient (i.e., 	 of decay) was prolonged
in mutant cardiomyocytes (Fig. 2A, 
). Concordant

Figure 2. Altered calcium metabolism in
freshly isolated cardiomyocytes lacking ERO1�.
�) Left panels: representative calcium tran-
sients recorded from electrically paced freshly
isolated wild-type (WT) or Ero1� mutant
(Ero1� mut) adult cardiomyocytes. Right pan-
el: superimposed tracings from WT (black)
and Ero1� mut (red) adult cardiomyocytes,
normalized to the same peak amplitude, high-
lighting slower relaxation in the mutant cells.
B) Calcium transient amplitude (normalized
to an average of 1 in WT cardiomyocytes), rate
of decay of cytosolic calcium (	) and maxi-
mum change in sarcomere length in the two
genotypes. C) Left panel: immunoblot of en-
dogenous ERO1� in HeLa cells exposed to an
ERO1 inhibitor (QM295), the reducing agent
dithiothreitol (DTT), or both. Note the accu-
mulation of partially reduced (lower mobility)
ERO1� in cells treated with the inhibitor.
Right panel: representative tracings showing
effect of the ERO1 inhibitor, QM295 (25 �M,
3 h application) on calcium handling in
freshly isolated wild-type adult cardiomyocytes.

D) Amplitude and rate of decay of calcium transients in untreated and QM295-treated cardiomyocytes, analyzed as in panel A.
Data are presented as means � se; number of cells studied is indicated. *P � 0.05, **P � 0.01.
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with these abnormalities in the calcium transient, de-
polarization-induced changes in sarcomere length were
attenuated in the mutant cells (Fig. 2
).

The aforementioned genotype-dependent difference
in calcium handling between wild-type and mutant
cardiomyocytes could reflect a developmental role for
Ero1� in calcium handling or a direct role for ERO1’s
enzymatic activity in calcium homeostasis. To discrimi-
nate between these possibilities, we measured the affect
of acutely applying an ERO1 inhibitor on calcium
homeostasis in wild-type cardiomyocytes. The quinone
methide ERO1 inhibitor QM295, which traps ERO1 in
its reduced form (ref. 20 and Fig. 2C), recapitulated the
effects of Ero1� inactivation in terms of lower peak
amplitude of the calcium transients (Fig. 2C, D) and
prolonged 	 (Fig. 2D). With the caveat that QM295
(and the related EN460, which was not studied here)
has the potential for reacting with thiols on other
proteins, these observations are consistent with an
ongoing role for ERO1’s enzymatic activity in calcium
homeostasis.

To further explore the scope and physiological sig-
nificance of the defect in calcium handling, we com-
pared the effect of the �-adrenergic agonist isoproter-
enol when applied to wild-type and Ero1� mutant
cardiomyocytes. The expected stimulation of the peak
amplitude of the calcium transients observed in the
wild-type cells exposed to isoproterenol was attenuated
in mutant cardiomyocytes (Fig. 3A, B), drawing out the
differences already observed in the basal state. This

defect extended to the effect of isoproterenol on
fractional sarcomere shortening (Fig. 3B).

We next investigated whether the diminution in
the magnitude of the calcium transient might reflect
altered sarcoplasmic reticulum calcium load, as de-
termined by the caffeine-induced calcium transient
amplitude. Indeed, compared to wild-type cardiomy-
ocytes, the peak caffeine-induced calcium transient
amplitude was significantly reduced in Ero1� mutant
cells, both at baseline and following exposure to
isoproterenol (Fig. 3C).

We were unable to detect endogenous ERO1� protein
in the heart; however, quantitative RT-PCR showed that
�ro1� mRNA is expressed, with a trend toward increased
expression in the hearts of the Ero1� mutant mice (Sup-
plemental Fig. S3). Therefore, we determined whether
loss of function of both Ero1� and �ro1� led to further
compromise in cardiomyocyte intracellular calcium han-
dling. Indeed, freshly isolated compound Ero1�;�ro1�
mutant cardiomyocytes showed a significantly slower re-
laxation of the calcium transient and a depression of
fractional sarcomere shortening compared to single
ERO1 mutant cardiomyocytes, both at baseline and fol-
lowing �-adrenergic stimulation with isoproterenol (Fig.
3D). These observations are consistent with a concerted
role for both genes in affecting sarcoplasmic reticulum
calcium homeostasis in cardiomyocytes. Furthermore
these studies suggest that this defect might render cardiac
function dependent on ongoing adrenergic stimulation
in mutant mice.

Figure 3. Blunted inotropic response to adrenergic stimulation in cardiomyocytes lacking ERO1�. A) Left panels: calcium
transients in electrically paced (0.5 Hz) freshly isolated wild-type (WT) or Ero1� mutant (Ero1� mut) cardiomyocytes after
exposure to the adrenergic agonist isoproterenol (30 nM). Right panel: superimposed tracings from WT (black) and Ero1� mut
(red) adult cardiomyocytes, normalized to the same peak amplitude. B) Graphic presentation of the mean peak amplitude of
the calcium transient (normalized to an average value of 1 for WT cardiomyocytes), 	, and sarcomere length in the 2 genotypes
after adrenergic stimulation. C) Peak amplitude of the caffeine-induced calcium transient (normalized to an average value of
1 for WT cardiomyocytes) in the absence () and presence (�) of isoproterenol (ISO). D) Graphic presentation of the mean
peak amplitude of the calcium transient, 	, and sarcomere length before () and after (�) adrenergic stimulation in
cardiomyocytes from WT, Ero1� mutant (� mut), and compound Ero1�; Ero1� mutant mice (�� mut). Data are presented as
means � se; number of cells studied is indicated. *P � 0.05, **P � 0.01.

2587ERO1 AND SR CALCIUM STORES

Downloaded from www.fasebj.org by Ist Ricerche Farm Mario Negri C/O Parco Scientif Tecnologico (93.51.235.135) on September 17, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 2583-2591.



Mice lacking ERO1 are hypersensitive to inhibition of
�-adrenergic stimulation

To test the hypothesis that homozygous Ero1� mutant
mice and, even more so, compound-mutant mice with
impaired expression of both Ero1� and Ero1�, may
compensate for the diminished magnitude of calcium
transients and associated contractile deficit through
augmented adrenergic stimulation in vivo, we exam-
ined the response of wild-type and mutant mice to
acute exposure to the short-acting �-blocker esmolol.
Following exposure to esmolol, Ero1� mutant and, to a
greater extent, compound Ero1�; Ero1� mutant mice
experienced greater declines in left ventricular peak
pressure and the maximum and minimum first deriva-
tives of ventricular pressure (�dP/dt) than wild-type
sibling mice (Fig. 4A, B). In contrast, the heart rate
response to esmolol was similar in all 3 genotypes.
Furthermore, survival of the compound-mutant mice
following exposure to esmolol was markedly lower than
that of wild-type or Ero1� single-mutant mice (Fig. 4C).

Ero1� loss of function protects against pressure
overload-induced stress

The perturbations in intracellular calcium homeostasis
and response to adrenergic blockade of the mutant
mice suggested that ERO1� might play a role not only
in physiological states, but also in response to imposed
stressors, such as surgical TAC. This procedure imposes
a sustained hemodynamic pressure overload on the left
ventricle, and the augmented workload triggers a cas-
cade of adaptive and maladaptive responses (25). Con-
sistently, we observed elevated levels of ERO1� protein
(Fig. 5) in the hearts of mice subjected to TAC (18), an
observation that was anticipated by the fact that the
level of CHOP, a transcriptional activator of the Ero1�
gene, is increased in heart failure (26, 27).

To examine the effects of altered ER lumenal redox
on the outcome of a heart failure model, we subjected

an additional cohort of wild-type male mice and their
siblings homozygous for the Ero1� mutation to the TAC
procedure. In surviving mice of both genotypes, there
was a progressive decline in fractional shortening.
However, in the Ero1� mutant mice, a clear trend for
recovery of contractility was observed beginning at 6 wk
after TAC, which reached statistical significance by 8 wk
after imposition of the hemodynamic load (Fig. 6A). A
representative series of M-mode echocardiograms illus-
trates the persistent defect in the wild-type animals and
the recovery of fractional shortening in the mutant
(Fig. 6B).

The extent of TAC, as assessed by peak pressure
gradient across the surgical lesion, appeared similar in
the two genotypes (Fig. 6C). Also similar was the extent
of cardiac hypertrophy, measured by the ratio of heart
weight to body weight (Fig. 6D). The small size of the
compound Ero1�; Ero1� mutant mice renders them
unsuited for TAC; therefore, we were unable to exam-
ine the effect of more profound reduction in ERO1
activity on the outcome of this progressive heart failure
model.

DISCUSSION

Either genetic or chemical interference with ERO1
function markedly alters intracellular calcium tran-
sients in electrically active cardiomyocytes. The ob-
served defects in the magnitude of calcium transients
are associated with in vivo hypersensitivity to withdrawal
of adrenergic stimulation and correlate with an abnor-
mally reducing ER in freshly isolated cardiomyocytes.
Together, these observations point to a role for lume-
nal redox-regulated calcium transport in the heart. The
finding that mice with an abnormally reducing ER are
relatively resistant to the long-term consequences of
excessive cardiac pressure load suggests that the molec-
ular mechanisms may also be relevant to cardiac patho-
physiology.

Figure 4. Hypersensitivity of mice lacking ERO1 to adrenergic blockade. A) Peak left ventricular pressure in anesthetized
catheterized mice of wild-type (WT; solid bars), Ero1� (� mut; shaded bars) and compound Ero1�; Ero1� mutant (�� mut; open
bars) genotypes following exposure to the indicated doses of the short-acting �-blocker esmolol. B) Peak positive and negative
first derivatives of left ventricular pressure of the mice described in panel A. C) Fraction of surviving animals of each genotype
following injection of the indicated dose of esmolol. Data are presented as means � se; number of animals studied in each group
is indicated. *P � 0.05, **P � 0.01.
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Recent studies have uncovered a surprising level of
redundancy in the pathways to disulfide bond forma-
tion in the ER of complex eukaryotes. Under basal
conditions, loss of function mutations in both ERO1
genes have an unexpectedly modest effect on secretory
protein production (7, 8). This suggests that under
basal conditions, and in the mainly secretory tissues
examined, the modest decrease of the rate at which
disulfides form in the mutant is not crucial to survival
and well-being. By contrast, the study of mouse embry-
onic fibroblasts here has uncovered a role for ERO1 in
promoting an oxidizing environment in the ER under
conditions of oxygen deprivation. Though the set-point
of the various redox buffers that operate in the ER is
not believed to be affected by ERO1 activity (28), our
observations suggest that the enhanced rate of disulfide
bond formation catalyzed by ERO1 affects the partition-
ing of some lumenal proteins between their disulfide
bonded and reduced configurations (redox poise) ki-
netically. Currently, we lack tools to measure sarcoplas-

mic reticulum redox in the intact heart (or in freshly
isolated cardiomyocytes). Our attempts at end-point
assays that monitor disulfide bonding in the active site
of oxidoreductases like Erp57 have been frustrated by
technical difficulties; therefore, we cannot exclude the
possibility that ERO1’s role in cardiac calcium homeo-
stasis also reflects other activities of the protein that are
unrelated to its function as an ER oxidase in stressed
cells. Nonetheless, given the genetic evidence for the
functionally hypoxic state of stressed cardiomyocytes
(29) and evidence that ERO1� is induced by hypoxia, a
role for ERO1-mediated lumenal redox in calcium
handling seems a parsimonious explanation for our
findings.

At present, the molecular events linking the altered
redox of mutant cardiomyocytes to altered calcium flux
remain unknown. The isoforms of SERCA and IP3R
previously shown to be subject to regulation by ER-
localized oxidoreductases are not expressed in the
heart. Nonetheless, the critical cysteines on their lume-
nal loops are conserved in cardiac isoforms of these
enzymes, suggesting that redox-mediated regulation of
their function could contribute to the observed differ-
ences in calcium handling by wild-type and mutant
cardiomyocytes. Indeed, the diminished sarcoplasmic
reticulum calcium load observed in Ero1� mutant car-
diomyocytes is consistent with impaired SERCA2a func-
tion. However, in freshly isolated cardiomyocytes, phar-
macological blockade of SERCA markedly prolongs
calcium transients but has a more modest effect on
releasable calcium stores (30), whereas in ERO1-defi-
cient cardiomyocytes, attenuated calcium transients
dominate the picture, with 	 prolongation being less
conspicuous. Given the diversity of protein species with
structurally important disulfide bonds, the effects of
deviations in redox are likely to be multifactorial and
may affect proteins other than SERCA. Thus, charac-
terizing the molecular targets of altered redox in the
cardiomyocyte sarcoplasmic reticulum is an important
task for the future.

Furthermore, ERO1 activity generates hydrogen per-
oxide (31) that could diffuse across the ER membrane
and affect cytoplasmic processes. Recently, an ER-
localized peroxiredoxin (PRDX4) has been identified
that can exploit lumenal hydroperoxides as electron
acceptors to generate disulfide bonds on the lumenal
side of the ER membrane (8, 32). Thus, genetic manip-
ulation of PRDX4 may discriminate between the lume-
nal and cytoplasmic effects of altered ERO1 activity on
calcium metabolism.

It is intriguing to consider how the existing rela-
tionship between redox and calcium metabolism
evolved. The dependence of calcium homeostasis on
ER redox may simply reflect structural constraints for
certain constitutive disulfide bonds in the lumenal
portions of ion channels and pumps. According to
this model, the impaired contractility of the mutant
cardiomyocytes and their hypersensitivity to adrener-
gic receptor blockade is a consequence of an altered
pattern of constitutive disulfide bonding in the ER of

Figure 5. Elevated ERO1� expression in the overloaded heart.
Top panels: immunoblot of ERO1� in extracts of heart from
wild-type (WT; lanes 1–7) or Ero1� mutant mice (lane 8)
obtained 8 wk after a sham operation (S) or a TAC procedure
(T). ERp57, an ER marker protein, and eIF2�, a cytosolic
marker protein, serve as loading controls. Lysate of spleen
from a wild-type animal (Sp), a rich source of ERO1�, was
applied to lane 9 to clearly demarcate its position on the blot.
Note the absence of ERO1� signal from the mutant heart in
lane 8. Asterisk marks an irrelevant protein detected by the
ERO1� antiserum in heart lysates. Bottom panel: relative
levels of ERO1� protein, normalized to the ER loading
marker. Values are means � se. **P � 0.01.
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the mutant. In this model, structural alterations
adversely affect fitness by constitutively enfeebling
the machinery for excitation-contraction coupling.
However, it is notable that under the severe and
sustained load on the heart imposed by TAC, the
mutant fares better than the wild type. Cardiac load
and failure are associated with activation of ER
stress-induced gene expression programs (the un-
folded protein response) that include the induction
of CHOP, an upstream activator of Ero1�. Compro-
mise of the CHOP arm of unfolded protein response
ameliorates the outcome of pressure overload on the
heart (16). Together, these observations support a
more nuanced model whereby stress-induced, ERO1-
dependent changes to ER redox may affect calcium
dynamics as part of a homeostatic mechanism that
involves alterations in regulatory disulfide bonds.

It is unclear whether the benefit of attenuated
Ero1� expression in chronic pressure overload is
played out at the level of altered calcium handling,
i.e., by ameliorating the defects in calcium transients
normally seen in failing cardiomyocytes, or instead,
reflects some other benefit accrued long term by an
altered ER redox. Altered calcium dynamics have
been implicated in ER stress-mediated death of mac-
rophages (33) and have been proposed to play a role
in ER stress-mediated outcomes in the overloaded
heart (16), but the importance of cell death to the
TAC model and the effect of the Ero1� mutation on
it remain to be studied. Nor is it clear whether this
effect is mediated by the mutation acting exclusively
in cardiomyocytes or in some other cell type. None-
theless, the functional effect of lowered ERO1 activity
in this heart failure model is sufficiently compelling

to recommend further mechanistic studies of the
links between redox and calcium metabolism.
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