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a  b  s  t  r  a  c  t

Endoplasmic  reticulum  (ER)  stress  activates  an adaptive  unfolded  protein  response  (UPR)  that  facilitates
cellular  repair,  however,  under  prolonged  ER  stress,  the  UPR can  ultimately  trigger  apoptosis  thereby  ter-
minating  damaged  cells.  The  molecular  mechanisms  responsible  for execution  of  the  cell  death  program
are  relatively  well  characterized,  but  the  metabolic  events  taking  place  during  the  adaptive  phase  of  ER
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stress remain  largely  undefined.  Here  we  discuss  emerging  evidence  regarding  the  metabolic  changes  that
occur  during  the  onset  of  ER  stress  and  how  ER  influences  mitochondrial  function  through  mechanisms
involving  calcium  transfer,  thereby  facilitating  cellular  adaptation.  Finally,  we  highlight  how  dysreg-
ulation  of  ER–mitochondrial  calcium  homeostasis  during  prolonged  ER  stress  is  emerging  as a  novel
mechanism  implicated  in  the  onset  of metabolic  disorders.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

The ER is a membranous organelle found in all eukaryotic
ells that is crucial for normal cell function and development

Schröder, 2008; Giorgi et al., 2009). It plays a fundamen-
al role in synthesis, folding, sorting, and delivery of proteins
o the appropriate cellular destination. Several ER chaperones

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; ATF4, activating
ranscription factor 4; ATF6, activating transcription factor 6; BAX, Bcl2 associ-
ted X protein; BAK, BCL2-antagonist/killer; CHOP, C/EBP-homologous protein;
IF2�,  eukaryotic initiation factor alpha subunit; ER, endoplasmic reticulum; FoxO1,
orkhead box O1 transcription factor; GRP78, glucose-regulated protein 78; IP3R,
nositol triphosphate receptor; IRE1�, inositol-requiring enzyme 1 alpha; JNK, c-
un  N-terminal kinase; MAM,  mitochondria-associated membrane; MAPK, mitogen
ctivated protein kinase; Mfn2, mitofusin2; NFkB, nuclear factor kB; RyR, ryanodine
eceptor; SERCA, sarco/endoplasmic reticulum Ca2+ ATPase; SOCE, store-operated
alcium entry; TRAF2, TNF receptor-associated factor 2; UPR, unfolded protein
esponse, XBP1; VDAC, voltage-dependent anion channel; X-box, binding protein
.
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007, Santiago 8380492, Chile.
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such as GRP78, GRP94, calnexin and calreticulin bind to the
hydrophobic domains of newly synthesized unfolded proteins,
to facilitate proper protein folding and inhibit protein–protein
aggregation. ATPase activities of ER-localized chaperones provide
energetic-influx essential to process thermodynamically unfavor-
able folding intermediates (Craven et al., 1996; Saris et al., 1997;
Schröder, 2008). Disulfide bond formation and N-linked glyco-
sylation also play significant roles in protein folding and are
favored by the unique oxidative environment of the ER (Schröder,
2008).

The ER is the main intracellular reservoir for calcium (Ca2+).
Many ER chaperones are Ca2+ dependent. Under basal conditions,
the luminal Ca2+ concentration is maintained at ∼1–2 mM,  while
prevailing concentrations in the cytosol are around 0.1 �M (Giorgi
et al., 2009; Decuypere et al., 2011). ER Ca2+ homeostasis is main-
tained by controlling efflux via both RyR and IP3R and influx via the
SERCA (Giorgi et al., 2009; Decuypere et al., 2011).

ER regulation of Ca2+ homeostasis is a key component of
cellular signaling, adaptation, and survival (Schröder, 2008). An
elaborate communication system has developed between ER and
other organelles, including the Golgi apparatus, plasma membrane,
nucleus, and mitochondria (Schröder, 2008; Giorgi et al., 2009;

Decuypere et al., 2011). This review will focus on communication
between ER and mitochondria, particularly the ability of ER Ca2+

signals to modulate mitochondrial bioenergetics, thus, influencing
cellular metabolism and survival.

dx.doi.org/10.1016/j.biocel.2011.10.012
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
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Fig. 1. Major physiological functions of the endoplasmic reticulum and their perturbations cause ER stress and activate the unfolded protein response. The endoplasmic
reticulum (ER) fulfills several important processes within the cell. Proteins of the secretory pathway are synthesized and folded in the oxidative environment of the ER lumen.
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roperly folded proteins can be distributed to other subcellular compartments thro
hey  are degraded by the proteasome. The ER plays a major role in lipid biosynthesis
R  and mitochondria. The ER serves as a homeostatic stress sensor, activating the a

. Organelle function

.1. A platform for sensing ER stress

Compromising normal ER function leads to the accumulation of
isfolded proteins, which triggers an adaptive ER response referred

o as the unfolded protein response (UPR). The UPR restores
rganelle homeostasis by increasing chaperone abundance, inhibit-
ng general protein synthesis, enhancing degradation of misfolded
roteins, and increasing total ER volume (Schröder, 2008). ER stress

s sensed predominantly by three ER transmembrane proteins;
ERK, IRE1� and ATF6, each of which activates its own  a unique cas-
ade of down-stream events. When misfolded proteins accumulate
n the lumen of the ER, GRP78 binds to the exposed hydrophobic
omains of these unfolded proteins and is competed away from the

uminal side of each of the three sensors, relieving inhibition and
riggering activation (Kohno et al., 1993; Bertolotti et al., 2000).
lthough all three-stress sensors participate in the UPR, IRE1�-
nd PERK-mediated events are most directly relevant to changes

n metabolism (Fig. 1).

IRE1� is a dual kinase/endonuclease that undergoes oligomer-
zation and activation upon release by GRP78. IRE1� is involved
n cytoplasmic splicing of several mRNAs and is necessary
sicular traffic. Terminally misfolded proteins are exported to the cytoplasm where
alcium handling, the latter being a primary messenger for communication between
e unfolded protein response (UPR) to restore the folding capacity of the ER.

for the translation of the fully active isoform of the tran-
scription factor XBP1 (XBP1s). XBP1s, in turn, promotes the
transcription of several target genes associated with the UPR,
including GRP78 (Lee et al., 2003). Activated IRE1� can also
form a multiprotein complex with TRAF2, ASK1 and BAX/BAK,
activate JNK, NFkB and MAPK pathways, and tip the bal-
ance between inhibition and activation of apoptosis depending
upon the duration of ER stress (Hetz et al., 2006; Schröder,
2008).

PERK is a kinase that phosphorylates the translation factor
eIF2�, leading to inhibition of general protein translation and pro-
moting preferential translation of the transcription factor ATF4
(Harding et al., 2000a). ATF4 translocates to the nucleus and induces
the transcription of additional UPR target genes. ATF4, XBP1s, and
ATF6 all converge on the promoter of the gene encoding the tran-
scription factor CHOP, which is associated with apoptotic cell death
(Harding et al., 2000b). This is one mechanism through which pro-
longed activation of all three arms of the UPR  can promote cell
death, although, experimental evidence demonstrates that CHOP

is not essential for cells to die in response to ER. Rather, it appears
that prolonged perturbation of ER–mitochondrial calcium homeo-
stasis mobilizes diverse calcium-induced pathways contributing to
cell death.
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Fig. 2. Early phases of endoplasmic reticulum (ER) stress trigger an increase in mitochondrial metabolism which depends critically upon organelle coupling and Ca2+ transfer.
The  onset of ER stress is characterized by a redistribution of the reticular and mitochondrial networks towards the perinuclear region and a microtubule-dependent increase
i  such 
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n  their points of connection. Physical coupling is achieved by anchoring proteins,
o  mitochondria, which enhances mitochondrial bioenergetics and ATP production
poptotic cell death.

.2. ER and organelle connections: the mitochondria-associated
embrane (MAM)

Dynamic interactions with the ER have been described for most
very cellular compartment. As an example, depletion of ER cal-
ium stores activates store-operated Ca2+ entry (SOCE) which then
acilitates influx of external calcium through ER–plasma mem-
rane contact sites as a means of replenish internal calcium stores
Wu et al., 2006). Physical interaction between ER and late endo-
omes (Rocha et al., 2009) and between ER and peroxisomes
Rosenberger et al., 2009) have also been reported, and they seem
o be important for lipid metabolism. Among all of the ER part-
ers, mitochondria are arguably the most prominent with regard
o regulating metabolism and cell survival. The two organelles
hysically interact, forming specialized contacts referred to as
itochondrial associated membranes, or MAM,  in which mem-

rane and luminal components can intermix and exchange (Vance,
990). MAM  composition adapts in response to multiple internal
nd external stimuli (Myhill et al., 2008; Bui et al., 2010). Forma-
ion and dissolution of ER–mitochondrial contacts is dependent
n changes in organelle dynamics. Many proteins involved in ER
ubule fusion (Myhill et al., 2008; Bui et al., 2010), mitochondrial
istribution (Misko et al., 2010) and organelle morphology (de Brito
nd Scorrano, 2008) are either integral components of MAM  or
nteract with it.

MAM  architecture is complex and involves a large number of
roteins with widely varying functions (Giorgi et al., 2009). The
ain ER–mitochondria Ca2+ transfer channels, IP3R and VDAC,

ocated in the ER and mitochondrial sides of MAM,  respec-
ively, form a complex with the chaperone GRP75, thus physically
onnecting the two organelles (Szabadkai et al., 2006). MAM

lso contain several phospholipid synthesizing enzymes, direct-
ng proper sequential lipid synthesis and transfer (Stone and
ance, 2000). Among proteins at the ER–mitochondrial inter-

ace, the dynamin-related mitochondrial fusion protein Mfn2 plays
as mitofusin 2 (Mfn2). This interaction allows an increased Ca2+ transfer from ER
ever, if stress persists, this response promotes mitochondrial collapse and triggers

an important anchoring role. It is present at both the ER and
mitochondrial surface (de Brito and Scorrano, 2008) and directs
ER–mitochondrial tethering in addition to its well characterized
role regulating intermitochondrial contacts (Chen et al., 2003;
Koshiba et al., 2004). In summary, the core protein components
of MAM  suggest that this structure facilitates a two-way supply of
fundamental metabolites (e.g. lipids) or messengers (e.g. Ca2+) that
collectively maintain and control mitochondrial function deter-
mining the bioenergetic fate of the cell (Stone and Vance, 2000;
Giorgi et al., 2009) (Fig. 2).

3. ER and cell physiology: ER stress and the regulation of
mitochondrial metabolism

Among the extensive physical and functional ER–mitochondria
interactions, Ca2+ exchange is perhaps the best-established mode
of communication (Giorgi et al., 2009; Decuypere et al., 2011).
Mitochondrial uptake of Ca2+ released through ER-localized IP3R
stimulates mitochondrial respiration and ATP production. The
activities of several Krebs cycle dehydrogenases are stimulated
by Ca2+ either directly (isocitrate and �-ketoglutarate dehydroge-
nases) or indirectly (pyruvate dehydrogenase) (Decuypere et al.,
2011). Basal IP3R Ca2+ release provides essential physiological
control over mitochondrial bioenergetics. IP3R knockdown or
pharmacological inhibition compromises mitochondrial function,
lowering ATP production and triggering autophagy (Cárdenas et al.,
2010). Thus, on-going constitutive IP3R Ca2+ release from ER is
required for efficient mitochondrial respiration and maintenance
of cellular bioenergetics.

As previously discussed, the URP is activated when the capacity
of the ER to cope adequately with protein folding is overwhelmed

due to an increase in protein load and/or a disruption in the condi-
tions required for appropriate folding. Quality control proteins and
molecular pathways induced in response to ER stress are well char-
acterized (Schröder, 2008). However, the metabolic tuning required
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or cell survival during this process is still poorly understood. Two
ecent studies have focused on the metabolic events that occur dur-
ng different stages of ER stress, prior to induction of cell death.
ur group showed that during early stages of ER stress, interac-

ions between the mitochondrial and reticular networks increase
n a microtubule-dependent manner. As a consequence, Ca2+ trans-
er to mitochondria is facilitated, thereby enhancing mitochondrial
espiration, reductive power and ATP production (Bravo et al.,
011). Wang et al. (2011) showed that prolonged treatment of

nterleukin 3-dependent Bak−/− Bax−/− hematopoietic cells with
unicamycin for 24 h, resulting in sustained activation of the UPR,
aused a profound decrease in mitochondrial metabolism, sug-
esting metabolic insufficiency as a potential eventual cause of
R stress-associated cell death. Together these studies suggest
hat during stress, local mitochondria–ER interactions provide the
tructural framework for an appropriate bioenergetic response that
ermits cell adaptation (Fig. 2). However whether the initial adap-
ive metabolic response is necessary for activation of the nuclear
ranch of the UPR transcriptional program remains to be stud-

ed.

. Organelle pathology: ER and metabolic control in disease

A variety of pathologies such as type-2 diabetes mellitus, insulin
esistance, Alzheimer’s disease and cardiovascular disease are char-
cterized by a decrease in cell metabolism. However, the molecular
echanisms responsible for this dysfunction are not fully under-

tood. Alterations in cellular Ca2+, signs of ER stress, decreases
n mitochondrial membrane potential and reduced ATP levels
re recurrent molecular events associated with these pathologies
Kelley et al., 2002; Lim et al., 2009). As discussed, alterations in
he contacts between ER and mitochondria are critical events in
he regulation of cellular metabolism (Decuypere et al., 2011) and
reakdown of productive ER–mitochondrial communication could
nderlie mitochondrial dysfunction, metabolic imbalance, and ulti-
ately lead to cell death.
Luciani et al. (2009) have recently demonstrated that the activ-

ty of ER Ca2+ channels determines the susceptibility of �-cells to ER
tress caused by impaired SERCA function. Their studies implicate
itochondria in apoptotic death of �-cells when ER Ca2+ homeo-

tasis is disrupted. The relevance of these alterations to human
iseases has yet to been demonstrated. A causal link between XBP-
, ER stress and development of metabolic pathologies, like insulin
esistance and diabetes, was recently described (Ozcan et al., 2004).
BP-1 interacts directly with the transcription factor FoxO1, a reg-
lator of gluconeogenesis, promoting its proteasomal degradation.
epatic overexpression of XBP-1 results in a markedly reduced
lood glucose and increased glucose tolerance in mouse models
f insulin resistance and diabetes types 1 and 2. These changes are
ccompanied by a reduction in FoxO1 in liver, demonstrating that
BP-1 can regulate glucose homeostasis in response to ER stress

Zhou et al., 2010).
Finally, recent reports have suggested that mitochondrial stress

an trigger an ER stress response through the induction of glu-
oneogenic enzymes, as occurs during conditions that lead to
nsulin resistance (Lim et al., 2009). In summary, the presence
f prolonged ER stress and mitochondrial dysfunction in some
athologies, suggests that disruption of ER–mitochondria inter-
ctions may  be responsible for metabolic alterations detected
n a broad number of diseases. Future studies should not only
ocus on clarifying the metabolic regulation exerted by the ER

n mitochondria, but also recognize the importance of mito-
hondria metabolism in the regulation of ER function and how
his two-way “street” is involved in the regulation of cellular

etabolism.
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