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Ischemic disease is among the deadliest and most disabling illnesses. Prominent examples include myocardial infarction and stroke.
Most, if not all, underlying pathological changes, including oxidative stress, inflammation, and nutrient deprivation, are potent

inducers of the integrated stress response (ISR). Four upstream kinases are involved in ISR signaling that sense a myriad of input
stress signals and converge on the phosphorylation of serine 51 of eukaryotic translation initiation factor 2a (elF2a). As a result,
translation initiation is halted, creating a window of opportunity for the cell to repair itself and restore homeostasis. A growing

number of studies show strong induction of the ISR in ischemic disease. Genetic and pharmacological evidence suggests that the
ISR plays critical roles in disease initiation and progression. Here, we review the basic regulation of the ISR, particularly in response
to ischemia, and summarize recent findings relevant to the actions of the ISR in ischemic disease. We then discuss therapeutic

opportunities by modulating the ISR to treat ischemic heart disease, brain ischemia, ischemic liver disease, and ischemic kidney
disease. Finally, we propose that the ISR represents a promising therapeutic target for alleviating symptoms of ischemic disease and

improving clinical outcomes.
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FACTS

® The integrated stress response is an evolutionarily conserved,
adaptive process to cope with various intracellular and
extracellular disturbances. Four upstream kinases sense
perturbations and converge on elF2a phosphorylation to
inhibit protein translation.

® |schemic disease is one of the deadliest and most disabling
ilinesses affecting many tissues and organs, such as the heart,
brain, liver, kidney, and limbs.

® Most, if not all, underlying pathological adversaries of
ischemic disease are potent inducers of the integrated stress
response.

® The integrated stress response is strongly activated under
various ischemic disease conditions.

® Pharmaceutical interventions have been explored to target
the integrated stress response and mitigate injuries from
ischemic disease.

OPEN QUESTIONS

® The identities of the upstream activators of the integrated
stress response that are engaged under different ischemic
disease conditions remain to be delineated.

® The integrated stress response primarily suppresses protein
translation initiation. However, whether the integrated stress
response regulates other steps of protein translation, such as
elongation, termination, and ribosome recycling, is not known.

® Although the integrated stress response generally imposes
global inhibition of protein translation, there may be targeting
of particular groups of proteins yet to be identified under
specific ischemic disease conditions.

® Temporal control and amplitude of the integrated stress
response in the setting of ischemic disease is incompletely
understood. More work is warranted before therapeutic
targeting of this pathway can be realized.

® Some therapeutic reagents have been developed to target the
integrated stress response. Their pharmacological dynamics
and efficacy need to be further defined for individual ischemic
diseases.

INTRODUCTION

Protein translation is the most crucial process in controlling
protein homeostasis, which is therefore subjected to tight
regulatory control [1]. Multiple steps are involved in protein
translation, including initiation, elongation, termination, and
recycling of ribosomes [2]. Under most conditions, initiation is
the rate-limiting step of translation [3-5]. Thus, governing the
initiation step is the most efficient means to control protein
synthesis [1]. Mammalian/mechanistic target of rapamycin (mTOR)
and the integrated stress response (ISR) are two key opposing
signaling pathways that regulate protein synthesis by targeting
the initiation step [6, 7]. mTOR signaling primarily responds to
growth cues, such as nutrient availability and growth factor levels,
to achieve a balance between anabolism and catabolism [8]. In
contrast, the ISR is an adaptive signaling network that senses
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Fig. 1 The integrated stress response. During the integrated stress response (ISR), four upstream elF2a kinases are elicited by different
stresses. PERK is primarily activated by the accumulation of unfolded proteins in the endoplasmic reticulum (ER). PKR senses double-stranded
RNAs (dsRNAs). GCN2 is activated by amino acid deprivation. The absence of heme stimulates HRI in erythroid cells. elF2a phosphorylation
inhibits the activity of elF2B, thereby suppressing the formation of translation ternary complex and attenuating protein synthesis. A few
proteins related to the ISR are preferably translated, including ATF4. Further, GADD34, a downstream target of ATF4, forms a phosphatase
complex with protein phosphatase 1 (PP1) and terminates the ISR signaling by dephosphorylating elF2a, creating a regulatory feedback loop.
Salubrinal enhances the ISR by inhibiting elF2a dephosphorylating, while ISRIB suppresses the ISR by activating elF2B. PERK PKR-like
endoplasmic reticulum resident kinase, PKR interferon-induced double-stranded RNA-dependent elF2ua kinase, GCN2 general control non-
derepressible 2, HRI heme-regulated inhibitor kinase, elF2a a subunit of eukaryotic initiation factor 2, p-elF2a phosphorylated elF2a at serine
51, ATF4 activating transcription factor 4, GADD34 growth arrest and DNA-damage-inducible 34, elF2 eukaryotic translation initiation factor 2,
elF2B eukaryotic translation initiation factor 2B, GDP guanosine diphospate, GTP guanosine triphosphate, Met-tRNA; translation initiator
methionyl transfer RNA, ISRIB integrated stress response inhibitor.

intracellular and extracellular stresses, halting new protein dependent elF2a kinase (PKR, encoded by EIF2AK2) is stimulated
synthesis to favor the resolution of the initiating stress and by viral infection [12]; PKR-like endoplasmic reticulum resident
restoring cellular homeostasis [9]. kinase (PERK, encoded by EIF2AK3) is triggered by endoplasmic
Ischemic disease occurs when blood vessels are constricted or reticulum (ER) protein-folding stress [13]; general control non-
occluded under various pathological conditions. Abrupt disruption derepressible 2 (GCN2, encoded by EIF2AK4) is activated by amino
of blood supply leads to deprivation of oxygen and nutrients acid deprivation [14].
either temporarily or permanently. Consequently, cell death and Phosphorylation of elF2a at serine 51 inhibits the guanine
tissue damage ensue, which is primarily determined by the nucleotide exchange cycle of elF2 catalyzed by elF2B, which is
magnitude and duration of ischemic insult. Under ischemic required for the re-initiation of cap-dependent translation (Fig. 1).
conditions, protein translation is inhibited primarily to preserve As a consequence, general protein translation is stalled and global
energy for survival. Emerging evidence shows that the ISR is protein synthesis is suppressed. Among all cellular processes,
activated in ischemia, and modulation of protein translation protein synthesis is the most ATP-consuming, typically accounting
through the ISR represents a promising approach to mitigate for 30-40% energy use [15]. Under conditions of stress, activation
ischemic damage. Here, we provide an overview of recent findings of the ISR inhibits protein translation and preserves energy for

relevant to the ISR and its role under ischemic stress. Furthermore, essential functions to support cell survival [16].
we discuss therapeutic opportunities by targeting the ISR to On the other hand, there is a small subset of mRNAs encoding
alleviate ischemic injury. proteins necessary for resolving stress which must be translated.

These mRNAs, including ATF4 (activating transcription factor 4),

are preferentially translated when the ISR is activated. A common
THE INTEGRATED STRESS RESPONSE (ISR) feature exists in these genes, i.e.,, the presence of one or more
The ISR is an evolutionarily conserved pathway in response to a upstream open reading frames (UORFs) which suppress the
variety of internal and external perturbations that can stress translation of downstream coding sequences under normal
eukaryotic cells [10]. At the core of the ISR is the phosphorylation conditions. When elF2a is phosphorylated, these uORFs are
of the a subunit of eukaryotic translation initiation factor 2 (elF2a). skipped, allowing the translation of downstream, protein-
Four upstream elF2a kinases respond to diverse intracellular or encoding full-length mRNAs. The proteins produced, such as
extracellular stimuli (Fig. 1). Each of them has a unique domain to ATF4, play essential roles in restoring cellular homeostasis under
sense its respective activating stress condition: heme-regulated stress conditions [6]. ATF4 promotes the expression of protein
inhibitor kinase (HRI, encoded by EIF2AKT) is activated by heme phosphatase 1 regulatory subunit GADD34 [6]. GADD34 forms a
deficiency [11]; interferon-induced double-stranded RNA- complex with protein phosphatase 1 (GADD34-PP1), facilitating a
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Ischemia induces the ISR. Both ischemia and ischemia/reperfusion induce the ISR. During ischemia, the affected tissue suffers from

hypoxia and nutrient deprivation, which triggers ER stress, oxidative stress, and amino acid deprivation. The elF2a kinases PERK, PKR, and
GCN2 may be activated to elicit the ISR. Upon reperfusion, unfolded proteins may accumulate in the ER and reactive oxygen species (ROS)
may be induced, which then activates PERK and PKR to stimulate the ISR.

negative feedback loop that ultimately terminates the ISR by
dephosphorylating elF2a. However, if the stress is not sufficiently
mitigated, the ISR may eventually trigger apoptosis, thereby
eliminating terminally damaged cells [10]. Taken as a whole, the
ISR operates in a fine-tuned manner to regulate gene expression
and protein synthesis, which together balance protein-folding
capacity, maintain differentiation, and ensure cell viability.

ISCHEMIA INDUCES THE ISR

Ischemia is a condition of hypoperfusion that occurs when the
circulation is blocked by a thrombus, a plaque, a fat globule, or a
gas bubble. Artery obstruction limits blood flow and causes either
systemic or regional hypoxia. As a result, the O,-dependent ATP
production by the electron transport chain (ETC) in mitochondria
is impaired, requiring cells to depend on a less efficient process of
anaerobic glycolysis to generate ATP. Delivery of substrates for
glycolysis is likely also compromised due to arterial blockage. The
ensuing energetic crisis causes further dysfunction of sodium-
potassium pumps and ribosome detachment. Consequently,
prolonged ischemia leads to cell death, tissue injury, and the
establishment of permanent infarction. Ischemic disease can occur
in multiple organs and tissues, such as the heart, brain, liver,
kidney, and limbs [17].

Clinically, timely restoration of blood flow through occluded
vessels with either interventional surgery or pharmaceutical
thrombolysis is the best way to resolve tissue ischemia. Although
it is essential to restore normal circulation as soon as possible to
reduce ischemic damage, the process of tissue reperfusion per se
can cause a different mode of tissue damage, termed ischemia/
reperfusion injury. For example, cardiac ischemia/reperfusion
leads to myocardial stunning, microvascular dysfunction/no-
reflow, and cardiomyocyte death [18]. Despite extensive efforts
from both basic and clinical researchers, the mechanisms of
ischemia/reperfusion injury remain incompletely understood.
While reactive oxygen species (ROS) generation plays a central
role in ischemia/reperfusion damage, other pathological altera-
tions such as calcium overload, endothelial dysfunction, DNA
damage, mitochondrial injury, and inflammation may also
contribute to disease progression.

During ischemia, affected tissues suffer hypoxia and nutrition
deprivation, both being potent inducers of ER stress and energetic
crisis. ER stress can activate PERK, one of the three signaling
transducers of the unfolded stress response (UPR) and an
upstream kinase of the ISR. On the other hand, nutrient
deprivation can stimulate GCN2 that senses ribosomal stalling
caused by the presence of uncharged transfer RNAs (tRNA) due to
amino acid deficiency. Therefore, ischemia is a bona fide inducer
of the ISR via diverse mechanisms (Fig. 2). Pathological changes in
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response to reperfusion may differ from those that occur during
ischemia. Disturbance of redox balance and excessive oxidative
stress are central to reperfusion injury. Oxidative stress may
damage mitochondria, resulting in the release of mitochondrial
RNAs (mtRNAs), which can take on a double-stranded RNA
(dsRNA) configuration in the cytosol capable of activating PKR, a
central component of the interferon antiviral defense pathway
and an upstream kinase of the ISR [19]. Therefore, although certain
differences exist, both ischemia and ischemia/reperfusion present
key stress signals that stimulate the ISR.

THE ISR IN ISCHEMIC HEART DISEASE
Myocardial infarction is a leading cause of death worldwide [20].
Although revascularization by percutaneous coronary intervention
(PCI) is essential to protect the heart from further ischemic
damage, this process itself causes unwanted ischemia/reperfusion
injury upon the restoration of coronary blood flow [21]. Studies
have shown that the ISR is activated in ischemic heart disease.
Castillero et al. found that elF2a was phosphorylated at serine 51
following myocardial infarction in the mouse heart [22]. Similarly,
Wang et al. showed that cardiac ischemia/reperfusion in rats
resulted in elF2a phosphorylation [23]. It is important to note that
the treatment with an inhibitor of the serine/threonine protein
phosphatase PP1 (PP1-12) increased elF2a phosphorylation and
substantially reduced ischemia/reperfusion-induced cardiac cell
death, suggesting that the ISR is cardioprotective. In accord with
these in vivo findings, in vitro studies using human fibroblasts and
Hela cells demonstrated that elF2a phosphorylation was elevated
by exposure to either hypoxia or CoCl, treatment, independent of
HIF1-a (hypoxia-inducible factor 1-a) [24]. Importantly, PERK™/~
mouse embryonic fibroblasts (MEFs), but not PKR™/~ MEFs,
manifested diminished elF2a phosphorylation under hypoxia,
identifying PERK as the relevant kinase under this condition [24].
Liu et al. found that hypoxia increased ROS and activated PERK in
MEFs, which stimulated elF2a phosphorylation [25]. Prevention of
elF2a phosphorylation using a non-phosphorylatable Ser51Ala
mutant exacerbated cell death under hypoxia. This is also
consistent with a protective role for PERK as the loss of PERK
reduced cell survival following hypoxic stress [24]. Interestingly,
the activation of PERK/elF2a signaling diminished ROS production
and enhanced cell survival during hypoxic cycling of cancer cells,
which was also HIF1-a-independent [26]. GSK2606414 (or PERKi, a
pharmacological inhibitor of PERK) decreased the tolerance of
cancer cells to hypoxia [27]. Taken together, these findings
suggest that the PERK-elF2a axis of the ISR confers cellular
protection under hypoxic conditions.

In contrast, there are several studies suggesting the opposite,
being that inhibition of elF2a phosphorylation is associated with
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cardioprotection under hypoxia. Pu et al. found that GCN2 and
elF2a expression was increased in the blood of patients with
myocardial infarction/reperfusion [28]. Moreover, interfering with
GCN2/elF2a pathway in H9c2 cells under simulated ischemia/
reperfusion (deprivation of both oxygen and glucose, followed by
replenishing culture media and re-oxygenation) could inhibit
inflammatory signaling, decrease oxidative stress, and reduce
apoptosis [28]. Additionally, Yu et al. found that melatonin
protected the heart from reperfusion injury by increasing
reperfusion injury salvage kinase (RISK) and survivor activating
factor enhancement (SAFE) pathways [29]. This was accompanied
by suppressed elF2a phosphorylation, although the involvement
of the ISR in this process remained only speculative. The
discrepancies between these findings may be due to differences
in cell lines, stimuli, and hypoxia intensity and duration. More work
is warranted to further dissect the role of the ISR in ischemic heart
disease.

THE ISR IN BRAIN ISCHEMIA

Under ischemic insult, not all organs demonstrate equal suscept-
ibility, among which the brain likely represents the more
susceptible one. Brain ischemia, a leading cause of disability
worldwide [20], is caused by reduced blood flow to the brain. It
can manifest either focally, due to blockage of specific arteries in
the brain, or globally, due to cardiac arrest. The brain is the most
oxygen-consuming organ in the body, whose energy supply is
primarily provided by glucose oxidation [30]. During stroke, the
core of the ischemic region sustains the most damaged due to
hypoxia and nutrient deprivation. It is important to note that
stroke causes minor damage in the border region surrounding the
infarcted core due to ample collateral circulation. This makes the
brain different than the heart during myocardial infarction, in
which the border zone displays unique intermediate pathology.
During cardiac arrest and resuscitation, the entire brain is
subjected to a brief period of complete ischemia, followed by
reperfusion. Brain ischemic damage manifests differently in
selective areas. The hippocampus is more vulnerable to transient
brain ischemia than other regions, and distinct responses are also
observed in different hippocampal subregions [31]. The CA1 area
is susceptible to transient ischemia, followed by reperfusion, but
neuronal damage continues to occur far after the termination of
the ischemia/reperfusion event.

Ischemic brain damage is accompanied by generalized and
prolonged reduction of nascent protein synthesis capacity [32].
Suppression of protein synthesis has been recognized for 30
years as a hallmark of vulnerable brain neurons under ischemia/
reperfusion [31, 33]. Previous studies showed that this suppres-
sion was primarily due to inhibition of the initiation step of
translation that is controlled by elF2a phosphorylation, the core
factor of the ISR [31, 34, 35]. PERK has been shown to play a
dominant role in the control of elF2a phosphorylation during
early reperfusion after transient global brain ischemia [36].
elF2a phosphorylation was increased significantly in both
vulnerable and non-vulnerable brain regions after 10 min of
reperfusion following 10 min of cardiac arrest [37]. However, 4 h
later, elF2a phosphorylation persisted only in neurons in which
cytochrome c could be detected in the cytoplasm, suggesting
that only the most vulnerable neurons display sustained ISR.
Activation of PERK and the UPR in the reperfused brain was
shown to drive the transient increase in elF2a phosphorylation
[37]. In contrast, other groups have shown that PERK activation
was independent of the increase in unfolded proteins in the ER
following transient global brain ischemia [38], as PERK was still
activated in response to ischemia despite that anisomycin was
added to inhibit protein synthesis. Therefore, the precise
upstream signals activating PERK in the ischemic brain remain
to be determined.
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Emerging evidence suggests that the PERK/elF2a axis of the ISR
may play a detrimental role in the ischemic brain. Transient
middle cerebral artery occlusion induced both ER stress and
autophagy in neurons [39]. Pretreatment with melatonin pro-
tected against ischemic damage by reducing ER stress, autophagy,
and caspase cleavage. Other studies found that melatonin
treatment protected the brain from I/R injury and was accom-
panied by attenuation in PERK activity [40]. Taken together, the
PERK-elF2a axis of the ISR may be the primary pathway triggering
detrimental autophagy and apoptosis following ischemia/reperfu-
sion, as inhibition of PERK signaling reduced ER stress-induced
autophagy and alleviated ischemia/reperfusion injury [39]. Con-
sistent with this, preconditioning protection downregulated PERK
activation and caspase 12 cleavage in a focal cerebral ischemia/
reperfusion rat model [41].

Additional upstream mechanisms may operate in conjunction
with PERK to activate the ISR in the ischemic brain. GCN2 was also
elevated after cerebral ischemia, and suppressing its activity was
found to protect against ischemia/reperfusion injury by inhibiting
FoxO3a and reducing oxidative stress and apoptosis [42]. These
findings demonstrate that the ISR is induced through multiple
pathways under brain ischemia, and may be an underlying
mechanism of neuron loss and brain damage. However, most
studies to date have demonstrated a correlative, rather than
causative, relationship between ISR activation and ischemic brain
injury. It therefore remains to be definitively established whether
and when the ISR is protective or detrimental or both during brain
ischemia.

THE ISR IN OTHER ISCHEMIC DISEASES

Ischemia can also occur in the liver, kidney, and limbs. Hepatic
ischemia/reperfusion damage is one of the leading causes of liver
injury during liver transplantation [43]. In a pig liver ischemia/
reperfusion model, Li et al. showed that phosphorylation of elF2a
was increased significantly compared to the sham group [44].
Consistently, downstream targets of the ISR, including ATF4 and
CHOP, were elevated at both mRNA and protein levels in the liver.
Caspase 12 is located in the ER and responds to ER stress. Viatoba
et al. found that caspase 12 was activated after lethal liver
ischemia/reperfusion in mice, while inhibition of the PERK-elF2a
axis of the ISR decreased apoptosis and mitigated liver reperfusion
injury [45].

Renal ischemia/reperfusion is one of the most common
causes of acute kidney injury [46]. Similar to other organs, renal
elF2a phosphorylation was significantly elevated 4h after
reperfusion [47]. At in vitro, previous studies showed that the
PERK/elF2a axis of the ISR functioned to limit the amount of cell
injury after anoxia/recovery in cultured glomerular epithelial
cells [48].

In the context of skeletal system ischemia, osteonecrosis of the
femoral head in the hip joint is a severe orthopedic problem,
primarily caused by ischemia/hypoxia. The PERK-elF2a axis of the
ISR was found to be activated in osteonecrosis of the femoral
head, and prolonging this activation enhanced angiogenesis and
bone healing [49]. Collectively, these findings demonstrate that
ischemic insult to other organs also elicits the ISR mainly
through PERK.

THE ISR AS A THERAPEUTIC TARGET TO TREAT ISCHEMIC
DISEASE

The ISR plays a critical role in the initiation and progression of
ischemic damage, representing a promising therapeutic target. To
lend further support, a recent study by Wang et al. showed that
PERK conditional knockout mice had larger infarcts and worse
neurological outcomes compared with controls in a cerebral
ischemic model [50]. Consistent with this, overexpression of PERK
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Fig. 3 Pharmacological modulation of the ISR as a therapeutic approach in ischemic disease. Various therapeutic strategies have been
developed to intervene the ISR. PERK inhibitors can relieve the unfolded protein response (UPR) and the ISR. Acute activation of PERK may
activate the ISR and protect cells from reperfusion injury. Dephosphorylation of elF2a may be targeted to either enhance or attenuate the ISR

for therapeutic gain.

with AAV9 viruses in isolated neonatal cardiomyocytes showed a
protective effect against reperfusion injury [51].

Several small molecules have been developed to modulate the
ISR (Fig. 3). ISRIB (integrated stress response inhibitor) is a cell-
permeable, selective ISR inhibitor that can bind elF2B and
promote its assembly, therefore counteracting the consequence
of elF2a phosphorylation [52, 53]. In a hypoxia model using breast
cancer cells, the ISR was found to drive breast cancer plasticity and
adaptation to hypoxia [54]. Treatment with ISRIB prevented the
synthesis of plasticity-induced factors during hypoxic stress. ISR
inhibition may therefore prove an effective therapy to control
breast cancer and its metastasis. On the other hand, salubrinal, a
PP1 inhibitor, prevented elF2a dephosphorylation by impairing
the formation of the GADD34-PP1 and CReP-PP1 complexes [10].
Salubrinal can act to maintain and sustain the ISR. Guanabenz,
primarily known as an a,-adrenergic receptor agonist, can also act
as a GADD34-PP1c inhibitor, similar to salubrinal [55]. However,
due to guanabenz’s ability to activate a2-adrenergic receptors and
potential adverse effects this could have on other cardiovascular
processes, Sephin1, a derivative of guanabenz, was developed
[56]. Sephin1 specifically binds GADD34, inhibiting the formation
of the active binary GADD34-PP1 complex. In addition, Nelfinavir is
an anti-HIV-1 drug in clinical use that has been shown to suppress
elF2a dephosphorylation and consequently activate the ISR [57].
Sephin1 and Nelfinavir have not yet been assessed in the settings
of ischemic disease.

In addition to elF2q, PERK also represents an attractive target
to be exploited for therapeutic gain. CCT020312 is a small
chemical that selectively activates PERK without affecting other
two branches of the UPR [58]. In addition, GSK2606414 and
GSK2656157 are highly potent, cell-permeable PERK inhibitors
that target the ATP-binding region of PERK [59]. Another critical
concept worth emphasizing is the therapeutic window in
ischemic disease. The timing and amplitude of ISR activation
may be distinct at different phases of ischemic disease. There-
fore, the ISR may exert beneficial or detrimental effects on
targeted organs depending upon temporal profile. It will be
critical to define the detailed activation process of the ISR and
more precisely identify individual contributions to disease
pathophysiology. In the following section, we discuss the
applications and outcomes of various ISR-targeting approaches
designed to tackle the ischemic disease.

SPRINGER NATURE

THE ISR AS A THERAPEUTIC TARGET IN ISCHEMIC HEART
DISEASE

Although much effort has been focused on understanding the
mechanisms of cardiac reperfusion injury and identifying novel
therapeutic targets, limited consensus has been reached. Studies
with pre-clinical animal models showed that ischemic pre-
conditioning and various pharmacological interventions could
reduce infarct size. However, necessary clinical studies to test
these approaches are missing [60]. The ISR is emerging as a new
target to mitigate cardiac ischemia/reperfusion injury (Fig. 4).
Salubrinal has been shown to protect the heart from myocardial
infarction in a rat model [61]. Salubrinal decreased cardiomyocyte
apoptosis and infarct size by increasing elF2a phosphorylation
and reducing caspase 12 and CHOP expression. Moreover,
salubrinal protected against hypoxia-induced cardiomyocyte
death in vitro. The underlying mechanism of salubrinal’s mode
of action relies on attenuation of misfolded protein synthesis and
reduction in ER stress-induced apoptosis [62].

Furthermore, Liu et al. showed that myocardial function was
significantly improved by salubrinal treatment in a myocardial
infarction-induced rat model of heart failure [63]. In addition, Li
et al. presented evidence, suggesting that salubrinal could
alleviate ferroptosis and cell injury [64]. Beyond further delineating
the molecular mechanisms and efficacy of salubrinal, future work
may focus on other ISR-activating drugs, such as Sephinl. In
addition, different effects of these drugs during ischemia and
upon reperfusion need to be dissected in order to identify
appropriate therapeutic windows for alleviating ischemic heart
injury.

THE ISR AS A THERAPEUTIC TARGET IN BRAIN ISCHEMIA

A significant effort from physicians and basic scientists has gone into
the development of new ways to treat brain ischemia by
neuroprotection, such as anti-apoptosis, anti-calcium overload, anti-
inflammation, and anti-oxidative injury. The ISR may be a new
therapeutic target in brain ischemia (Fig. 4). Recent studies using a
global cerebral ischemia model showed that salubrinal treatment
reduced ischemic damage by alleviating ER stress and enhancing the
PERK-elF2a branch of the ISR [65]. Furthermore, the neuroprotective
effect of salubrinal on CA1 suggests distinct modes of action in
different regions of the brain and a potential role for inflammation. A
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Fig. 4 Salubrinal as a therapeutic drug in ischemic disease. Salubrinal may protect cells and tissues from ischemic disease via different
mechanisms. In ischemic heart disease, salubrinal can attenuate ER stress and inhibit apoptosis. In brain ischemia, salubrinal can inhibit ER
stress and inflammation and enhance mitochondrial function. As a result, apoptosis and necroptosis are suppressed. In other ischemic
diseases, such as hepatic ischemia/reperfusion and osteonecrosis of the femoral head, salubrinal can stimulate mitophagy, angiogenesis, and
cell differentiation, which together enhance cell survival and bone healing.

later study from the same group showed that acute treatment with
salubrinal provided neuroprotection that could be observed even
7 days after insult [66]. Moreover, salubrinal and anti-inflammatory
drugs had synergistic effects, suggesting that a proper combination
of various agents may provide a more substantial neuroprotective
effect. Additionally, salubrinal reduced the transcription of mixed
lineage kinase domain-like pseudokinase (MLKL) in ischemia-induced
necroptosis in CA1 [67]. In a cardiac arrest model, salubrinal
treatment was also found to improve neurological function 24 h
after cardiopulmonary resuscitation by preserving mitochondria and
stabilizing HIF1-a [68]. Although a growing number of studies
support the notion that salubrinal treatment is neuroprotective in
brain ischemia [50, 69, 70], controversies remain. For example, Gao
et al. showed that salubrinal treatment blocked the activation of
autophagy induced by ischemic preconditioning and attenuated
neuroprotection [71]. More studies are therefore required to clarify
the effect of salubrinal and modulation of the ISR in brain ischemia.

THE ISR AS A THERAPEUTIC TARGET IN OTHER ISCHEMIC
DISEASES
Salubrinal has also been studied in other ischemic organs besides
the heart and brain (Fig. 4). In mice subjected to hepatic ischemia/
reperfusion, salubrinal pretreatment upregulated Parkin and alle-
viated hepatocyte damage by enhancing mitophagy and quenching
mitochondria-derived ROS [72]. In a surgery model of osteonecrosis
of the femoral head, salubrinal treatment improved pathological
symptoms by enhancing angiogenesis and bone healing [49]. This is
consistent with a previous study showing that salubrinal treatment
affected the differentiation of both osteoblasts and osteoclasts,
suggesting that salubrinal may be developed as an anti-osteoporosis
drug [73, 74]. Additionally, Huang et al. showed that salubrinal
treatment protected chondrocytes from apoptosis and relieved
osteoarthritis-like pathological changes on mandibular condylar
cartilage under hypoxic stress [75]. Moreover, in a rat model of
hypoxic pulmonary hypertension, salubrinal was found to prevent
and reverse right ventricular remodeling and normalize gene
expression and signaling pathways in the right ventricle exposed
to hypobaric hypoxia [76]. Consistent with this, salubrinal treatment
alleviated ER stress-induced apoptosis in a model of human
pulmonary arterial endothelial cell hypoxia [77]. Collectively, the
use of salubrinal to enhance the ISR may be explored to treat
multiple forms of ischemic disease. However, it is important to note
that most studies only tested salubrinal for its ability to enhance the
ISR, which may be associated with adverse side effects. Better drugs
with higher efficacy and specificity may be pursued in the future.
Despite that the ISR has received extensive attention due to its
fundamental involvement in various disease conditions, our
understanding remains incomplete. For example, although the
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four upstream kinases all phosphorylate elF2a and attenuate
translation initiation, individual contributions to the ISR under
specific contexts may not be equal. Currently, most studies have
focused on the PERK branch of the ISR, however, this should not
be considered evidence that PERK is more important than the
other three transducers. Comprehensive and direct comparison is
necessary to conclusively address the individual roles of the four
kinases under different conditions. Although elF2a is the central
mediator of the ISR, there are other downstream effectors of the
four kinases such as Keap, calcineurin, diacylglycerol, FoxO1, p38,
p53, and NFkB, which may also contribute to the final outcome of
the ISR [78]. In addition, potential synergistic interactions between
these signaling pathways and the ISR can be critical to mediate
appropriate cellular responses. Moreover, the duration of ISR
signaling is critical to pathological outcomes. Either too little or
too much ISR activity may be detrimental. Targeting the ISR at the
right time and magnitude is essential to ensure cell survival and
avoid pathological consequences. Finally, although it is generally
agreed that the ISR imposes global suppression of protein
translation, it remains to be answered whether the ISR may
selectively target specific proteins under distinct disease
conditions.

CONCLUSIONS AND FUTURE PERSPECTIVES

During the ISR, four distinct upstream kinases sense diverse
extracellular and intracellular perturbations. Consequently, trans-
lation initiation is inhibited, creating a window of opportunity for
the cell to repair and restore homeostasis. The ischemic disease
may impact multiple tissues and organs. Most, if not all,
pathological events in ischemic disease are potent inducers of
the ISR. Numerous studies have firmly established the relevance of
the ISR in ischemic disease. Moreover, modulation of the ISR
represents a promising approach to mitigate tissue damage and
improve clinical outcomes. However, depending on the intensity
and duration of stress, the ISR may have either cytoprotective or
detrimental consequences. Therefore, caution needs to be
exercised while moving forward to apply pre-clinical knowledge
regarding the ISR for therapeutic gain. Further studies
are warranted to elucidate the role of the ISR in ischemic disease
and identify more specific and potent modulators of the ISR to
treat ischemic disorders.
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