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PERSPECTIVE

Attenuation of endoplasmic reticulum 
stress as a treatment strategy against 
ischemia/reperfusion injury

Brain ischemic stroke is the leading cause of long-lasting injury, 
disability, and death in adults. Although the brain represents 
only about 2% of the total body mass, it consumes almost 20% 
of the body’s oxygen. As a result, brain cells are extremely sen-
sitive to hypoxia. Once cerebral ischemia occurs, the core of the 
infarct shows great rapidly necrotic cell death due to complete 
and prolonged oxygen and glucose deprivation. In contrast, 
surrounding this necrotic core is a region called penumbra, 
where neurons are partially perfused from collateral vessels. If 
sufficient circulation cannot be restored within a short time, 
these cells will gradually fail resulting in subsequent cell death 
by apoptosis. This implies the prompt restoration of blood flow 
to a penumbra area may allow threatened tissue to be salvaged. 
Therefore, rapid administration of thrombolytic agents such 
as heparin or tissue-type plasminogen activator (tPA) is used 
as a bolus treatment. Although the circulation is restored upon 
reperfusion, a surge of oxygen levels may cause an additional 
damage known as ischemia/reperfusion (I/R) injury (Liu et al., 
2014). It is known I/R can cause oxidative damage, which trig-
gers stress signaling eventually resulting in significant apoptotic 
death of neurons. There are a number of pathways involved in 
the I/R response. Particularly, the Akt pathway has been a great 
focus in preventing I/R-induced apoptosis. Akt is involved in 
cellular survival pathways through activation of neurotrophic 
signaling, resulting in inhibition of glycogen synthase kinase 3β 
(GSK3β) activity. GSK3β is a serine-threonine kinase firstly dis-
covered to phosphorylate and inactivate glycogen synthase, an 
enzyme in the glycogen synthesis pathway. Normally, activated 
Akt suppresses GSK3β; however, GSK3β can be activated by I/
R-induced injury, which contributes the mitochondrial dys-
function and subsequently induces neuronal apoptosis (Hanu-
manthappa et al., 2014). Thus, inhibition of GSK3β is proposed 
as a putative therapeutic strategy after I/R. These mechanisms 
activated in the penumbra area may be responsible for the final 
fate of neurons and the degree of neurological damage in isch-
emic patients. Although GSK3β inhibition is a rational strategy 
to combat ischemic stroke, the adverse events and a rather small 
therapeutic window limit its therapeutic success (Pradeep et al., 
2014).

To overcome these challenges, targeting the alternative path-
way may provide a better therapeutic effectiveness in ischemic 
stroke. Increasing evidence shows that endoplasmic reticulum 
(ER) stress may play a role in I/R-induced cell death. During 
ischemia, oxygen and glucose deprivation causes abnormalities 
in protein-folding processes and leads to accumulation of un-
folded proteins in the ER, triggering an evolutionarily conserved 
response termed as unfolded protein response (UPR). This is 
activated by three transmembrane proteins including activat-
ing transcription factor 6 (ATF6), inositol-requiring enzyme 
1 (IRE1), and protein kinase RNA-like endoplasmic reticulum 
kinase (PERK), which together induce both transcriptional 
and translational regulation of genes that provides an adaptive 
mechanism to cellular perturbations. To avoid the excessive 
accumulation of unfolded proteins, the protein kinase PERK 
phosphorylates translation initiation factor 2 (eIF2), resulting 
in global inhibition of protein synthesis to allow time to fix the 

damage. Although the role of ER stress in neuronal ischemia 
remains undetermined, it is possible that activation of ER stress 
response could protect cells from proteotoxic stress imposed by 
rapid formation of misfolded protein aggregates (DeGracia and 
Montie, 2004). However, there is direct evidence that excessive 
or prolonged activation of ER stress can exacerbate ischemia 
injury. Particularly, the overactivation of the UPR may play a 
significant role in reperfusion, resulting in promoting cell death 
usually in the form of apoptosis (Roussel et al., 2013). It is 
known that reperfusion causes of excessive UPR, triggering de-
pletion of ER Ca2+, abnormal aggregation of proteins, impaired 
protein degradation, and in turn reduces de novo synthesis of 
survival-mediating proteins. Moreover, reperfusion also triggers 
reactive oxygen species (ROS) production and oxidative stress, 
resulting in protein misfolding and further induces or exacer-
bates UPR-induced apoptosis. These observations indicate that 
the prolonged ER stress is associated with brain I/R by continue 
activation of UPR. Therefore, modulation of abnormal UPR is 
thought as a potential therapeutic target in I/R-induced neuro-
nal death.

Neuronal survival is tightly regulated by several neurotrophic 
factors (Maiese, 2015). Among these factors, the insulin/insulin 
like growth factor (IGF) signaling pathway plays a major role in 
response to ischemic stress. Upon activation by ligand binding, 
it triggers the intracellular activation of phosphoinositide 3-ki-
nase (PI3K) and Akt. Akt has been widely reported to be one 
of the most important protein in promoting neuronal survival 
after cerebral ischemic insults (Mullonkal and Toledo-Pereyra, 
2007). Activated Akt mediates several downstream responses, 
including cell survival, axonal growth, regeneration and pro-
tein synthesis enhancement through activation of mammalian 
target of rapamycin (mTOR). Akt pathway is also required for 
hypoxia-induced expression of hypoxia inducible factor-1α 
(HIF-1α), which has been identified as an important novel 
target in apoptosis resistance. In addition, activated Akt can 
phosphorylate GSK3β at serine9 and inactivate this enzyme, this 
preventing GSK3β from initiating a neuronal apoptotic path-
way. Phosphorylation of Bad at serine136 by Akt can also result 
in the inactivation of Bad and prevent neuronal apoptosis. To-
gether, these studies suggest that Akt activity plays a crucial role 
in I/R-induced apoptosis. However, reoxygenation-sustained ER 
stress impairs survival signaling by reducing protein de novo 
synthesis. As a result, sustained activation of UPR during reox-
ygenation induces a reduction of Akt protein, thereby in turn 
promotes apoptosis. This indicates Inhibition of the excessive 
UPR response may be necessary for the preservation of neuro-
nal function after I/R.

Based on these viewpoints, our recent results showed that the 
alleviation of ER stress by chemical chaperons such as 4-phen-
ylbutyric acid (4-PBA) can provide neuroprotection during I/
R. 4-PBA is a low molecular weight fatty acid that has been 
approved for clinical use as an ammonia scavenger. However, 
4-PBA can also act as a chemical chaperone to alleviate ER 
stress by reducing the load of misfolded proteins retained in 
the ER. This indicates the use of 4-PBA may be a therapeutic 
approach for blocking the ER stress-induced neuronal death 
by I/R. As shown in Figure 1, we demonstrated that the upreg-
ulation of Akt works cooperatively with PI3K-Akt stimulator 
or GSK3β inhibitor to promote cell survival during hypoxia/
reoxygenation (Tung et al., 2015). This result is consistent with 
our results in which ER stress inhibitor salubrinal displays neu-
roprotective effects during I/R insults. Thus, the suppression of 
ER stress-mediated signaling may be a neuroprotective strategy 
to protect I/R-induced insults. This finding supports the idea that 
Akt is a major switch involved in regulating hypoxia-induced 
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Figure 1 Schematic depiction of hypoxia/reoxygenation-induced 
endoplasmic reticulum (ER) stress, and pharmacologic strategies to 
protect neurons from hypoxia/reoxygenation injury. 
During hypoxia/reoxygenation, oxygen and glucose deprivation causes a 
significant lack of energy, which induces a defect in protein-folding process-
es and triggers ER stress responses. These activities activate protein kinase 
RNA-like endoplasmic reticulum kinase (PERK) and subsequent phosphor-
ylates translation initiation factor 2 (eIF2), resulting in global inhibition of 
survival protein synthesis such as Akt. The reduced levels of Akt diminish 
extracellular survival signaling, resulting in the failure of glycogen synthase 
kinase 3β (GSK3β) inhibition, which potentiates downstream apoptotic 
signaling and induces cell death. On the contrary, therapeutic candidates 
against ER stress may display neuroprotective effects by rescuing suppressed 
Akt biosynthesis, which can work cooperatively with compounds promoted 
survival signaling thereby attenuating hypoxia/reoxygenation-induced neu-
ronal cell death.

cell death, and inhibition of ER stress is beneficial to isch-
emia-induced cellular damage during reoxygenation. Similarly, 
there is increasing evidence that Akt plays a crucial role in ER 
stress-elicited cell dysfunction. The mechanism of the loss of 
Akt proteins in late hypoxia is still not fully elucidated, although 
it appears to be a result of protein degradation by a non-protea-
somal dependent pathway such as autophagy (Box et al., 2010). 
Autophagy is an evolutionally conserved process involved in the 
quality control mechanism to maintain homeostasis of the cell. 
Although autophagy has been suggested to promote cell surviv-
al under stress, excessive autophagy have also been associated 
with various forms of cell death. This indicates an essential role 
of autophagy regulation in I/R-induced neuronal cell death. It is 
known several kinases, particularly mammalian target of rapa-
mycin (mTOR) and Akt can regulate autophagy process. Once 
activated, Akt phosphorylates and inhibits tuberous sclerosis 
complex-2 (TSC2) that activates mTOR and thereby reduces 
autophagy. Therefore, activation of Akt-mTOR signaling can 

inhibit ER stress-induced autophagy. This finding is consistent 
with our previous study that has demonstrated the activation 
of the Akt pathway by insulin-related neurotrophic factors is a 
protective event during amyloid β (Aβ) exposure, an aggregated 
peptide-mediated apoptosis involved in ER stress-induced neu-
rotoxicity (Kornelius et al., 2015). This implies the upregulation 
of Akt signaling may be a possible neuroprotective strategy for 
ameliorating ER stress-induced neuronal cell death. 

Neurons are thought to be sensitive to proteotoxicity, and 
there are many reports that ER stress is involved in several 
neurological diseases, including I/R injury, type 2 diabetes, and 
some neurodegenerative diseases such as Alzheimer’s disease 
and Parkinson’s disease. This makes ER stress can been recog-
nized as a probable instigator of pathological cell death and 
dysfunction. As a result, mediators of ER-initiated cell death 
are therapeutic candidates against cell death by ER stress. In 
conclusion, our recent findings provide a possible mechanism 
about how ER stress mediates their neurotoxic effects, and it is 
possible that pharmacologically, such as in the case of ER stress 
inhibitors might be used to develop a novel strategy for I/R-in-
duced damage.
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