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Abstract The recent elucidation of the mammalian unfolded protein response pathway has revealed a unique and
transcriptionally complex signal transduction pathway that protects cells from a variety of physical and biochemical
stresses that can occur during normal development and in disease states. Although the stress conditions are monitored
in the endoplasmic reticulum, the beneficial effects of this pathway are extended to other cellular organelles and to the
organism itself.

THE ENDOPLASMIC RETICULUM IS A MAJOR
SITE OF PROTEIN SYNTHESIS

In eucaryotic cells, proteins destined for the nucleus, cy-
tosol, mitochondria, and peroxisomes are synthesized on
free polysomes, whereas resident proteins of the endo-
cytic and exocytic organelles, as well as cell surface and
secreted proteins, are translated on membrane polysomes
and translocated across the membrane of the endoplasmic
reticulum (ER). These secretory pathway proteins enter
the ER through a proteinaceous channel, called the trans-
locon, as extended polypeptide chains and find them-
selves in a unique oxidizing and Ca21-rich environment
where posttranslational modifications, such as the addi-
tion of N-linked glycans and the formation of intrachain
disulfide bonds, occur (Gething and Sambrook 1992).
Within this concentrated mixture of proteins in various
stages of synthesis and modification, the nascent chain
must fold and, in many cases, assemble with other na-
scent proteins into multimeric complexes. Thus, the con-
straints and complexities encountered during the folding
of ER secretory pathway proteins are even greater than
those encountered by proteins folding in the cytosol and
may therefore be more sensitive to subtle changes in the
extracellular environment, which in turn alter the intra-
cellular environment. The maturation of nascent proteins
in the ER is aided and monitored by resident ER molec-

Received 28 February 2002; Revised 7 March 2002; Accepted 7 March 2002.
Correspondence to: Linda M. Hendershot, Tel: 901 495-2475; Fax: 901 495-

2381; E-mail: linda.hendershot@stjude.org.

ular chaperones and folding enzymes that associate with
the newly synthesized proteins to prevent their aggre-
gation and help them fold and assemble correctly (Ell-
gaard et al 1999). Through a process called ER quality
control, proteins that do not mature properly are retained
in the ER and eventually targeted for ER-associated deg-
radation (ERAD), a process that also relies on the action
of chaperones (Brodsky et al 1999).

ALTERATIONS IN THE ER ENVIRONMENT
AFFECT PROTEIN FOLDING AND ACTIVATE A
PROTECTIVE RESPONSE

Changes in the normal physical environment of the cell
(eg, decreases in pH, energy, oxygen, glucose, or other nu-
trients) can affect the normal biosynthesis of proteins in
the ER (Lee 2001). Low-glucose conditions inhibit the N-
linked glycosylation that is required for the normal mat-
uration of most secretory pathway proteins, a situation that
can be induced pharmacologically with tunicamycin or 2-
deoxyglucose. The ER contains the cellular calcium stores,
and alterations in ER Ca21 levels have profound effects on
protein folding in this compartment (Sambrook 1990). De-
pletion of ER calcium can be achieved chemically by treat-
ing cells with A23187, thapsigargin, ionomycin, or ethyl-
ene glycol-bis(aminoethylether)-tetra-acetic acid. Finally,
the ER possesses an oxidizing environment, which favors
the formation of disulfide bonds that act to stabilize pro-
tein folding and assembly of protein subunits. Changes
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in the oxidizing potential of the ER dramatically affect
protein folding and can be achieved experimentally by
using hypoxic chambers, cobalt chloride, dithiothreitol, or
2-b-mercaptoethanol. All of these changes result in the
accumulation of unfolded proteins in the ER, thereby pro-
ducing a stress signal that activates a signal transduction
pathway termed the unfolded protein response (UPR)
(Kozutsumi et al 1988). In addition, a number of physi-
ological insults or pathological conditions that affect the
environment of multiple organelles, and therefore have
more global effects on protein folding in the cell, also
activate the UPR. These include alcohol abuse, renal tox-
icity, alterations in cellular pH, disruption of proteasome
function, viral infection, and cancer (Lee 2001). In fact,
any chemical insult or condition that affects the amino
acid side chain interactions of ER proteins would be ex-
pected to interfere with their proper folding and thus ac-
tivate the UPR. The primary effects of UPR activation are
designed to protect the ER from the accumulation of un-
folded proteins, but in addition, they also serve to limit
damage to other organelles and, in extreme cases, to ul-
timately protect the organism by providing a mechanism
to eliminate cells that experience prolonged stress. The
fact that protein folding in the ER is affected by environ-
mental stresses that specifically alter ER homeostasis, as
well as by some conditions that also disrupt cytosolic
folding, may make UPR signaling a particularly sensitive
indicator of adverse physiological conditions and explain
why the downstream responses are so broad.

CHARACTERISTICS OF THE MAMMALIAN ER
STRESS RESPONSE

The hallmark of the ER stress response, and perhaps the
only component of the response that is truly ER specific,
is the coordinate transcriptional up-regulation of at least
12 resident ER proteins that include molecular chaperones
and folding enzymes (Ellgaard et al 1999; Lee 2001). Al-
though these proteins are constitutively expressed to aid
and monitor normal protein biosynthesis, their association
with nascent chains is transient, and they can be reused
many times (Knittler and Haas 1992; Ellgaard et al 1999).
During ER stress, secretory pathway proteins are unable
to fold, and the chaperones must remain associated with
them to prevent their aggregation. Thus, the increased ex-
pression of chaperones ensures that there are sufficient
quantities to bind all proteins that are unable to fold prop-
erly. Whereas some of the stress conditions only affect
newly synthesized proteins (eg, inhibitors of glycosyla-
tion), others can actually cause completely folded proteins
to unfold (eg, reducing agents) (Valetti and Sitia 1994),
making the demands for chaperones more immediate and
even higher. The coordinate up-regulation of folding en-
zymes both aids in keeping the unfolded proteins soluble

and allows for rapid refolding when the stress subsides.
All eucaryotic organisms share this part of the response.

A second characteristic of the UPR, and one unique to
metazoans, is the inhibition of protein synthesis (Prostko
et al 1992; Brostrom et al 1996). This occurs via phos-
phorylation of the a subunit of the eucaryotic translation
initiation factor (eIF2a) at Ser51, which reduces the fre-
quency of translation initiation and thereby inhibits new
protein synthesis (Pathak et al 1988; Scheuner et al 2001).
A number of proteins translated on free polyribosomes are
also affected (Brewer et al 1999; Harding et al 2000), sug-
gesting that translation inhibition is quite general and not
restricted to proteins entering the ER. This part of the re-
sponse clearly serves to limit the load of unfolded proteins
in all organelles and, as described subsequently, provides
unique opportunities for regulating gene expression as
well.

In addition to diminishing protein synthesis during con-
ditions that are adverse for proper folding and increasing
the pools of chaperones to stabilize proteins that cannot
fold, activation of the UPR allows eucaryotic cells to in-
crease their degradative capacity in order to rid themselves
of improperly folded proteins (Casagrande et al 2000;
Friedlander et al 2000). Together, these 3 responses insure
that insoluble protein aggregates do not form to damage
the ER. The inhibition of protein synthesis and increased
activity of the proteasome affect the accumulation of dam-
aged proteins anywhere in the cells and thus also afford
protection to other organelles during stress.

In addition to these cytoprotective responses, 2 other
responses occur when the UPR is activated that might be
viewed as more protective to the organism than to the cell
itself. The first is the arrest of cells in the G1 phase of cell
cycle to prevent the propagation of cells experiencing stress
(Melero 1979; Carlberg and Larsson 1993). The signaling
that leads to cell cycle arrest begins to occur fairly rapidly
and is reversible if the stress condition is alleviated. The
second response leads to the activation of apoptotic path-
ways, which occurs if the stress is not resolved after an
appropriate period of time (Zinszner et al 1998; Nakagawa
et al 2000). Both of these responses may have particular
ramifications for virally infected cells or cells experiencing
early neoplastic growth, as discussed later. It is not cur-
rently clear how the protective components of the UPR are
balanced against those that contribute to cell death or if
the timing for these 2 outcomes varies in different cell
types or at different points in development.

COMPONENTS OF THE MAMMALIAN UPR
SIGNALING PATHWAY

The UPR pathway was first delineated in yeast. The iden-
tification of an unfolded protein response element (UPRE)
in the yeast Kar2 (BiP) promoter (Mori et al 1992) paved
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Fig. 1. Aspects of the mammalian unfolded protein response (UPR) and the component of the pathway that regulates them. The signal for
UPR activation is the accumulation of unfolded proteins that bind to the endoplasmic reticulum (ER) chaperone BiP. This signal is transduced
by 2 transmembrane kinases (Ire1 and PERK) and an ER-tethered transcription factor (ATF6). PERK activation leads to eIF2-a phosphor-
ylation, causing a general inhibition of protein translation, cell cycle arrest, and ATF4 synthesis. Other downstream effects of UPR activation
include the transcriptional up-regulation of ER chaperones, CHOP induction, and XBP-1 messenger ribonucleic acid cleavage, resulting in
an altered form of the XBP-1 transcription factor. UPR activation is accompanied by alterations in the transcription of a number of genes,
most notably those regulated by ATF6, ATF4, and XBP-1. If the stress conditions persist, apoptotic signaling pathways are activated, in part,
through the cleavage of procaspase 12.

the way for genetic approaches to identify the compo-
nents of the signaling pathway. Ire1-Ern1 was the first to
be identified and is a transmembrane ER-localized kinase
that possesses an N-terminal stress-sensing domain in
the lumen of the ER and a cytoplasmic kinase domain
(Cox et al 1993; Mori et al 1993). In response to ER stress,
Ire1 dimerizes and is phosphorylated in trans, which
serves to activate a unique endonuclease activity at its C-
terminus (Sidrauski and Walter 1997). The target of this
activity is a precursor messenger ribonucleic acid
(mRNA) that encodes the Hac1 transcription factor,
which is not translated in the absence of stress. After
cleavage by Ire1p and religation by Rlg1, Hac1p is syn-
thesized and regulates the expression of UPR target genes
by binding to the UPRE in their promoter (Cox and Wal-
ter 1996). This single signaling cascade is responsible for
activating the UPR in yeast.

In higher eucaryotes the elements of this signaling
pathway are conserved but greatly expanded (Fig 1).
First, 2 Ire1 homologs exist in mammalian cells: Ire1a,
which is ubiquitously expressed (Tirasophon et al 1998),
and Ire1b, whose expression is restricted to gut epithe-
lium (Wang et al 1998). Both proteins possess a luminal
stress-sensing domain, a cytosolic kinase domain, and the
unique endonuclease domain found in yeast Ire1p. Very

recently, the mRNA of the mammalian transcription fac-
tor XBP-1 was shown to be a target of Ire1’s endonuclease
activity (Shen et al 2001; Yoshida et al 2001; Calfon et al
2002). The alternatively processed XBP-1 mRNA produces
a transcription factor with a new C-terminus encoding a
transactivation domain tethered to the unchanged DNA–
binding domain in its N-terminus. The stress-altered
XBP-1 protein binds to and transactivates the ER stress
elements (ERSEs) present in mammalian ER chaperone
promoters (Yoshida et al 1998; Yoshida et al 2001).

A third ER-localized stress-regulated kinase, PERK-
PEK, was discovered that does not exixt in yeast but
which can be found in all metazoans (Shi et al 1998; Har-
ding et al 1999). The cytosolic domain of PERK shows
homology to the double-stranded RNA–activated kinase
PKR and is a member of the eIF2a family of kinases.
Members of this family respond to distinct cellular stress
conditions by phosphorylating eIF2a (Chen and London
1995; Harding et al 1999; Williams 1999; Fernandez et al
2002). This serves to inhibit protein synthesis, which in
the case of ER stress limits the accumulation of unfolded
proteins in the ER when conditions are not suitable for
proper folding. The inhibition of protein synthesis also
affects the synthesis of cytosolic proteins and results in
the loss of cyclin D1 from cells (Brewer et al 1999). This
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causes them to arrest in the G1 phase of cell cycle and
thus prevents the propagation of cells experiencing ER
stress. In addition, the general block in translation sup-
presses the use of small open reading frames up-stream
of the translation start site on the ATF4 mRNA and allows
the ATF4 transcription factor to be synthesized and to
directly transactivate the transcription of downstream
genes like C/EBP-homologous protein (CHOP) (Harding
et al 2000; Ma et al 2002). Induction of the mammalian
UPR is regulated by levels of the ER chaperone BiP (Dor-
ner et al 1992). In the absence of ER stress, BiP binds to
the lumenal domain of both Ire1 kinases and PERK and
keeps them in an inactive monomeric state. When stress
occurs and unfolded proteins begin to accumulate, BiP is
released from the kinases, allowing them to dimerize and
signal the response (Bertolotti et al 2000; Okamura et al
2000).

A fourth component of the mammalian UPR is the
ATF6 a and b transcription factors, which are synthe-
sized as ER-localized transmembrane proteins (Haze et
al 1999). Activation of the response leads to cleavage of
ATF6 by the S1P and S2P proteases (Ye et al 2000), thus
liberating the cytosolic transcription factor domain from
the membranes and allowing it to regulate the transcrip-
tion of UPR targets that possess an ERSE in their pro-
moters (Yoshida et al 2000). Most recently, the ATF6 and
Ire1 components have been shown to interact via regu-
lation of the XBP-1 transcription factor. ATF6 up-regulates
XBP-1 transcription via an ERSE in its promoter, and ac-
tivated Ire1 cleaves the XBP-1 mRNA to produce a highly
active transcription factor (Shen et al 2001; Yoshida et al
2001; Calfon et al 2002). The ER chaperone genes appear
to be targets of XBP-1. Thus, unlike yeast where the UPR
pathway is signaled by a single ER kinase, higher eu-
caryotes possess multiple distinct (Ire1a and b, PERK,
and ATF6) signaling molecules that control downstream
transcriptional responses.

Recently, a fifth element of the mammalian UPR was
identified with the discovery of procaspase 12 (Nakagawa
et al 2000). Procaspase 12 is localized to the cytosolic face
of the ER membrane and is proteolytically cleaved to an
active caspase form in response to ER stress. Cells from
caspase 12 nullizygous mice are defective in activating
apoptotic pathways in response to prolonged ER stress,
suggesting that this protein is part of the delicate balanc-
ing act between cytoprotective and organismal protective
responses, as discussed later.

ROLE OF THE ER STRESS RESPONSE IN
NORMAL GROWTH AND IN DISEASE

It is clear that during cell growth and differentiation, con-
ditions of stress can arise. These include normal physio-
logical situations where increased demands are placed on

the ER in cells synthesizing vast quantities of secretory
pathway proteins (eg, plasma cells, hepatocytes, and pan-
creatic cells). Disruption of either Ire1a (Calfon et al 2002;
Lee et al 2002) or XBP-1 (Reimold et al 2000) results in
an embryonic lethal phenotype, and XBP-1 has been
shown to affect liver development and terminal differ-
entiation of B cells to antibody-secreting plasma cells
(Reimold et al 2000, 2001). Because Ire1a2/2 mouse em-
bryonic fibroblasts (MEFs) have an intact UPR, these ob-
servations suggest that the Ire1-XBP-1 branch of the mam-
malian UPR may be essential for providing increased lev-
els of molecular chaperones and folding enzymes in some
secretory tissues and raise the interesting possibility that
certain portions of the pathway can be activated without
signaling the complete response. This would have clear
implications for the potential of modulating either bene-
ficial or destructive parts of the response during the treat-
ment of certain diseases.

Mice that are nullizygous for the PERK kinase (Har-
ding et al 2001) or have been engineered to express an
eIF2-a mutant that cannot be phosphorylated (Scheuner
et al 2001), and thus do not shut down protein synthesis
in response to ER stress, have profound problems with
glucose metabolism and increased death of pancreatic b
islet cells. In humans a mutation in the PERK kinase re-
sults in hereditary type I infant diabetes (Delepine et al
2000). Thus, activation of the UPR is essential to protect-
ing certain secretory organs during their normal growth.
In addition, tissues often experience transient environ-
mental stresses, like changes in blood glucose or alcohol,
that would be expected to induce the UPR in order to
protect the cell until the stress subsides. However, in cas-
es of chronic alcohol abuse, cirrhosis and eventual death
of hepatocytes occurs. It is possible that the activation of
apoptotic pathways in response to ER stress participates
in this cell death.

Much progress has been made during the past few
years in understanding how perturbations in ER homeo-
stasis induce apoptosis (Fig 2). Mobilization of internal
calcium stores, leading to mitochondrial membrane per-
meabilization and cytochrome c release, is a common fea-
ture of apoptotic signaling pathways (Wang 2001). The
ER is the storage site for intracellular calcium, which is
loaded through the sarcoplasmic-endoplasmic Ca21-aden-
osine triphosphatase (SERCA) and released through the
inositol-1,4,5-trisphosphate (InsP3) receptor. Several of
the ER chaperones also serve as major calcium-binding
proteins (eg, calreticulin, BiP, and GRP94) (Lytton and
Nigam 1992; Pozzan et al 1994). Like the ER chaperones,
the SERCA pump is also up-regulated during ER stress
(Caspersen et al 2000), which presumably allows for
greater transport and storage of calcium in the ER to pro-
tect the cells against calcium depletion–induced apopto-
sis. Reports that induction of BiP protects against thap-
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Fig. 2. Illustration of unfolded protein response (UPR)-dependent apoptotic pathways. Upon endoplasmic reticulum (ER) stress, oligomer-
ization of Ire1a induces the binding of TRAF-2 to its cytoplasmic domain, which in turn promotes procaspase-12 clustering, cleavage, and
activation. UPR activation also up-regulates ER chaperones like BiP and GRP94, which can bind calcium and prevent further calcium
mobilization during ER stress. Conversely, calreticulin, another UPR-induced ER chaperone, regulates the function of the ER inositol-1,4,5-
trisphosphate (InsP3) calcium channel to increase calcium mobilization to the cytosol. The released calcium activates the mitochondria
permeability transition pore (PTP) resulting in mitochondrial membrane permeabilization. This causes cytochrome c release from the mito-
chondria, leading to activation of apoptosomes. Finally, the UPR induces CHOP, which decreases the expression of the antiapoptotic protein
Bcl-2, further contributing to cell death.

sigargin-induced apoptosis (Jamora et al 1996; Miyake et
al 2000), whereas increased levels of calreticulin sensitize
cells to apoptosis (Nakamura et al 2000), raise the inter-
esting possibility that later in the stress response, these 3
proteins may play a role in balancing protective vs de-
structive responses. The activated IRE1a kinase, which is
a proximal effector of the UPR signaling pathway, also
serves to recruit the TRAF2 adaptor protein. This in turn
activates c-jun N-terminal kinase pathways, leading to
apoptotic death (Urano et al 2000), and induces clustering
and activation of procaspase 12 (Yoneda et al 2001), the
ER-localized member of the caspase family. Cells from
mice lacking the caspase 12 gene are more resistant to
cell death in response to glucose deprivation (Nakagawa
et al 2000), but it has not been determined if these cells
are also resistant to other chronic stresses like viral in-
fection or are more sensitive to tumor formation, which
would demonstrate a role for caspase 12 in these disease
states. Finally, the CHOP transcription factor that is in-
duced during UPR activation decreases the expression of
the antiapoptotic protein, Bcl-2 (McCullough et al 2001),
thus contributing to apoptosis during ER stress. There-
fore, the cytoprotective and cytodestructive aspects of the
ER stress response employ many of the same compo-
nents, suggesting that they play a role in the balance be-

tween the 2 outcomes. How this is achieved and when
good signals turn bad remain to be determined.

Activation of the UPR appears to provide protection for
cells experiencing hypoxic conditions (Koong et al 1994)
and for animals that are experimental models for heart
disease, ischemia, or seizures (Paschen and Frandsen
2001). There are data to suggest that the up-regulation of
the ER chaperone GRP170-ORP150 is particularly impor-
tant in providing this protection (Tamatani et al 2001),
although the reason is not clear. It is possible that GRP170
chaperones the folding of a protein(s) that is particularly
sensitive to low-oxygen conditions (Ozawa et al 2001a).
Thus, activation of the UPR might provide a clinically
important target for dealing with heart disease and
stroke.

The UPR is also activated in virally infected cells (Wa-
towich et al 1991; Lee 2001). Although each viral particle
contains a number of proteins that are synthesized in the
cytosol, in most cases many cell surface or viral coat pro-
teins are made. These are often synthesized in the ER,
which is probably the signal for UPR activation (Pahl and
Baeuerle 1995). It is not currently clear if this represents
a hijacking of host responses by the virus to aid in the
production of viral coat proteins, particularly in the case
of lytic viral infections that ultimately kill the cell anyway,
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or if the UPR induction represents an attempt by the host
cell to initiate cell death pathways to limit the infection,
in the case of chronic viral infections, like Hepatitis B or
C viruses. A more complete characterization of the UPR
components that are activated by lytic and chronic virus
infection will be needed to understand the role of the
UPR in viral infection and to determine if control of spe-
cific arms of the pathway could ultimately be manipulat-
ed as a means of supplementing antiviral defenses.

Finally, a number of studies have shown that the UPR
is activated in cancer, particularly in solid tumors (Cai et
al 1993; Chatterjee et al 1997; Fernandez et al 2000; Lee
2001). It is likely that this is because of changes in pH
and decreased levels of oxygen, glucose, and nutrients
that occur as a result of incomplete vascularization of the
tumor. The cytoprotective aspects of the UPR may be crit-
ical to allowing the neoplastic cell to survive these stress-
es. Studies have shown that interfering with GRP170 up-
regulation can profoundly affect tumor cell growth in an-
imals (Ozawa et al 2001b). Because the tumor cell would
be expected to experience chronic ER stress, some of the
aspects of the pathway, like cell cycle arrest and apopto-
sis, must be overcome. Recent studies demonstrating that
hsp70 and hsp27 are often induced in these same tumors
(Volm et al 1995; Maehara et al 2000; Yamamoto et al
2001) may provide a mechanism for interfering with ap-
optotic signaling. Hsp70 binds to Apaf-1 (Beere et al
2000; Saleh et al 2000), and hsp27 can bind to cytochrome
c (Bruey et al 2000) to prevent the formation of the apop-
tosome with procaspase-9, thereby blocking its activation
(Xanthoudakis and Nicholson 2000). In addition, the well-
documented up-regulation of antiapoptotic proteins like
Bcl-2 and Bcl-XL in tumor cells (Jaattela 1999; Nakamura
et al 2000) may play a role in suppressing UPR-induced
cytodestructive responses. Clearly, further delineation of
the signaling pathways that control the protective vs de-
structive outcomes of UPR activation could provide new
targets for therapeutic interventions in conditions as di-
verse as heart disease, diabetes, viral infection, and can-
cer.

CONTINUED PROTECTION TO THE HOST AFTER
UPR-INDUCED CELL DEATH

Induction of the ER stress response causes the up-regu-
lation of a group of ER chaperones, including GRP94. Re-
cent studies have shown that GRP94 binds a wide variety
of peptides that it encounters in the ER (Li and Srivastava
1993; Wearsch and Nicchitta 1997). The peptides appear
to be produced by the proteasome and are pumped into
the ER by the transporter associated with antigen pro-
cessing (TAP) to load nascent major histocompatibility
complex class I molecules that are being assembled in the
ER. These peptides serve as a source of antigen to activate

killer T cells that can attack virally infected cells or tu-
mors (Suto and Srivastava 1995; Li 1997). When cell death
occurs as a result of prolonged ER stress, GRP94 bound
to peptides is released from the cell. Experimental data
show that GRP94 isolated from tumor cells can stimulate
antitumor responses (Li 1997). Clinical trials are now be-
ing conducted to determine the efficacy of tumor-derived
GRP94 in inducing antitumor immunity. It is possible
that a similar approach could be used to enhance im-
munity to viruses that induce chronic infections.

SUMMARY

A unique and complex signaling cascade is initiated by
physiological and chemical conditions that alter the fold-
ing of proteins in the ER. The response is initially char-
acterized by cytoprotective measures that are designed to
buffer the ER against the accumulation of unfolded pro-
teins. However, these beneficial effects extend to other cel-
lular organelles, suggesting that the cell may use the ER
to monitor the environmental conditions that have broad
effects on protein folding. If stress persists, decisions are
made to destroy the cell in order to protect the organism.
How these decisions are made is not currently under-
stood but is at the heart of a number of disease processes.
A clearer understanding of how this delicate balance be-
tween cytoprotective and cytodestructive processes is
achieved could allow us to treat these diseases more ef-
fectively.
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