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ARTICLE INFO ABSTRACT

Keywords: Brain ischemia induced by cardiac arrest or ischemic stroke is a severe form of metabolic stress that substantially
Aging disrupts cellular homeostasis, especially protein homeostasis (proteostasis). As proteostasis is fundamental for
Brain ischemia cellular and organismal health, cells have developed a complex network to restore proteostasis impaired by

Cardiac arrest stress. Many components of this network — including ubiquitination, small ubiquitin-like modifier (SUMO)

lsﬁtr:itfn homeostasis conjugation, autophagy, and the unfolded protein response (UPR) — are activated in the post-ischemic brain, and
N . play a crucial role in cell survival and recovery of neurologic function. Importantly, recent studies have shown
europrotection

that ischemia-induced activation of these proteostasis-related pathways in the aged brain is impaired, indicating
an aging-related decline in the self-healing capacity of the brain. This impaired capacity is a significant factor for
consideration in the field of brain ischemia because the vast majority of cardiac arrest and stroke patients are
elderly. In this review, we focus on the effects of aging on these critical proteostasis-related pathways in the
brain, and discuss their implications in translational brain ischemia research.

1. Introduction

Brain ischemia is a leading cause of death as well as long-term
disability worldwide (Benjamin et al., 2018; Hayashi et al., 2015;
Pandian et al., 2018). Global brain ischemia can be induced by cardiac
arrest (CA), while focal brain ischemia is primarily a result of embolic
or thrombotic stroke (ischemic stroke). Every year, more than one
million people in the US are affected by CA or ischemic stroke, which
presents a major burden on families and healthcare systems (Benjamin
et al., 2018). This is expected to become even more pronounced, as our
senior population continues to increase and age is a key risk factor for
both CA and ischemic stroke (Benjamin et al., 2018). However, despite
massive basic and translational research investments during the past
several decades, clinical treatment options to improve neurologic out-
come after brain ischemia remain extremely limited. This disappointing
situation has ignited extensive discussions on the potential limitations
of current brain ischemia research. One obvious, yet still less appre-
ciated, limitation is that experimental brain ischemia studies are con-
ducted predominantly in young animals, which seems to ignore the fact
that the majority of CA and stroke patients are elderly. Therefore, there
is a major mismatch between preclinical studies and clinical relevance
(Shi et al., 2018; Yang and Paschen, 2017). Although it is conceivable
that young and aged brains respond to ischemia similarly in many

aspects, there are notable differences in overall cerebrovascular struc-
ture and neuronal responses to stress (Kang et al., 2016; Yang and
Paschen, 2017). A better understanding of these differences is funda-
mental to the success of future efforts to develop new effective ther-
apeutics for CA and stroke patients of advanced age.

Notably, the effect of age on disease progression is an area of ex-
tensive research in neurodegenerative diseases such as Alzheimer's,
Huntington's, and Parkinson's. One hallmark of these diseases is the
deposition of abnormal protein aggregates, which causes proteotoxicity
in neurons. The formation of these aggregates is largely attributed to
the aging-related decline in the capacity of cells to maintain protein
homeostasis (proteostasis) (Labbadia and Morimoto, 2015). Such find-
ings have important implications in brain ischemia because 1) brain
ischemia is a severe form of metabolic stress that disrupts cellular
proteostasis; 2) timely restoration of proteostasis is crucial for cell
survival (Labbadia and Morimoto, 2015); and 3) clinical outcome after
brain ischemia worsens with increasing age. Therefore, it is imperative
to understand how aging affects the brain's capacity to restore pro-
teostasis after ischemia.

In the ischemic brain, the supply of vital oxygen and nutrients is not
sufficient to meet the metabolic demand. This causes depletion of ATP,
disruption of Ca®>* homeostasis, and oxidative stress, which inevitably
disturbs cellular proteostasis (Schaller and Graf, 2004). For example,
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excess production of reactive oxygen species (ROS) can have a detri-
mental effect on the protein degradation process, protein structure, and
the cellular/subcellular redox state, resulting in accumulation of da-
maged and misfolded/unfolded proteins in brain cells, which disrupts
proteostasis (Keller et al., 2000; Korovila et al., 2017; Manzanero et al.,
2013). Proteostasis is a dynamic equilibrium that involves biogenesis,
folding, and degradation of proteins, and is achieved by a complex
protein quality control network in the cell (Kaushik and Cuervo, 2015;
Labbadia and Morimoto, 2015). Within this network, many components
including ubiquitination and small ubiquitin-like modifier (SUMO)
conjugation (SUMOylation) pathways, autophagy, and the unfolded
protein response (UPR) pathway have been implicated in cell survival
in the post-ischemic brain, as discussed below. Importantly, recent
studies have shown that activation of these proteostasis-related path-
ways in the post-ischemic brain is impaired with increasing age (Jiang
et al., 2017; Liu et al., 2016; Shen et al., 2018). Our goal in this review
is to briefly summarize the current understanding of the effects of aging
on these pathways, highlight the findings related to these pathways in
brain ischemia, and discuss their implications in translational brain
ischemia research. It is important to note that the findings on these
pathways in brain ischemia have been obtained predominantly from
animal studies.

2. Ubiquitination

Ubiquitination is a highly conserved post-translational protein
modification by which ubiquitin, a 76-amino acid protein, is covalently
conjugated to lysine residues of target proteins in an ATP-dependent
manner via an enzymatic cascade consisting of El-activating, E2-con-
jugating, and E3-ligating enzymes (Hochrainer, 2018). The process of
ubiquitination can be reversed by de-ubiquitinating enzymes.

Many ubiquitinated proteins contain polyubiquitin chains. Seven
internal lysine (K) residues (K6, K11, K27, K29, K33, K48, and K63) of
ubiquitin are available for ubiquitination, thus giving rise to 7 common
polyubiquitin linkages, of which the K48 linkage is the most frequently
observed (Xu et al., 2009). Importantly, ubiquitinated proteins with
K48-linked polyubiquitin chains are translocated to the 26S protea-
some, and then degraded by proteolysis. This degradation system is,
therefore, called the ubiquitin-proteasome system (UPS). The UPS is a
major protein quality control mechanism in the cell that eliminates
misfolded, aggregated, or unwanted proteins, and thus, is vital to
maintaining cellular proteostasis (Kevei and Hoppe, 2014). Notably,
UPS function declines with increasing age (Baraibar and Friguet, 2012;
Vilchez et al., 2014). For example, aging-related reduction in protea-
some activity is evidenced by decreased expression of proteasome
subunits and perturbed 26S proteasome assembly (Huber et al., 2009;
Kapetanou et al., 2017; Lee et al., 1999; Vernace et al., 2007). Data also
show that cortical expression of Ube3A, an E3 ubiquitin ligase, de-
creases with age in humans, monkeys, and cats (Williams et al., 2010).
In fact, it is believed that the aging-related decline in UPS function
contributes to the accumulation of damaged and aggregated proteins in
neurons and thereby, accounts for the high incidence of neurodegen-
erative diseases in the elderly (Labbadia and Morimoto, 2015).

Although only indirect evidence indicates involvement of ubiquiti-
nation in human brain ischemia (Fink et al., 2016), it is well established
in animal studies that levels of ubiquitinated proteins increase in the
brain after both global and focal brain ischemia (Hayashi et al., 1991;
Hochrainer et al., 2012; Hu et al, 2000, 2001; Iwabuchi et al., 2014;
Sharma et al., 2015). In 2000, Hu et al. provided electron and confocal
microscopic evidence that during reperfusion after brain ischemia in
the rat, ubiquitinated proteins form aggregates that accumulate in
dying CA1l neurons (Hu et al., 2000). Post-ischemic accumulated ubi-
quitinated proteins are largely insoluble in Triton X-100 solution (Hu
et al., 2001; Iwabuchi et al., 2014). Later, Hochrainer et al. demon-
strated that reperfusion, rather than ischemia, leads to an increase in
ubiquitinated aggregates in the mouse brain after transient middle
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cerebral artery occlusion (MCAO; a focal brain ischemia model), and
that this increase may be caused by enhanced ubiquitination activity
(Hochrainer et al., 2012). They further showed that increased ubiqui-
tination is more pronounced in the cortex containing salvageable pe-
numbra tissue than in the striatum corresponding to the irreversibly
damaged ischemic core (Hochrainer et al., 2012). Thus, in contrast to
the traditional notion of a detrimental role for ubiquitination in brain
ischemia, these data suggest that the formation of ubiquitin aggregates
may be beneficial for tissue viability as it results in the labeling and
removal of abnormal proteins caused by the ischemia/reperfusion in-
sult. In support of this, our ubiquitin proteomics study found that K48-
linked polyubiquitinated proteins are the most increased among ubi-
quitinated proteins that form aggregates in the post-ischemic mouse
brain (Iwabuchi et al., 2014). Interestingly, ischemic preconditioning
also increases ubiquitination. In in vitro studies, a short period of
oxygen and glucose deprivation (OGD; an in vitro ischemia model), used
to provide ischemic preconditioning, leads to ubiquitination of pro-
apoptotic and postsynaptic proteins for rapid degradation by the UPS,
which may contribute to the ischemic tolerance that preconditioning
affords (Meller et al, 2006, 2008).

Not surprisingly, all brain ischemia studies mentioned above have
been conducted in young animals. Recently, we reported that after
global brain ischemia, activation of ubiquitination is moderately im-
paired in aged mice (Liu et al., 2016). In an earlier study, Gozal et al.
provided evidence of increased susceptibility to intermittent hypoxia in
aged rats due to a marked decrease in UPS capacity to clear degraded
proteins (Gozal et al., 2003). Thus, considering an aging-related decline
in degradation activity under physiologic conditions, and in the UPS
response under ischemic or hypoxic conditions, therapeutic interven-
tions that target the UPS after an ischemic event in the aged brain need
be designed to increase both degradation and ubiquitination activities
of the UPS. Importantly, many small molecules that target various
components of the ubiquitin system have been identified, due to the
broad implications of the UPS in human diseases (Bedford et al., 2011;
Boland et al., 2018). Future studies can take advantage of this rich
resource, and explore the therapeutic potential of targeting the UPS in
brain ischemia (Caldeira et al., 2014).

3. SUMOylation

Among many other ubiquitin-like molecules that are present in
mammals are interferon-stimulated gene 15 (ISG15) and SUMO. Levels
of both ISG15 and SUMO conjugated (SUMOylated) proteins are
markedly increased after brain ischemia (Nakka et al., 2011; Yang
et al., 2008a, b); however, the follow-up studies have primarily focused
on SUMOylation. Similar to ubiquitination, SUMOylation is mediated
by E1, E2 (Ubc9 as the only conjugating enzyme), and E3 enzymes, and
can be reversed by SUMO-specific proteases (SENPs) via a de-SUMOy-
lation process (Bernstock et al., 2018a; Yang et al., 2016). Unlike ubi-
quitin, there are 3 SUMO isoforms in mammalian cells: SUMO1, 2, and
3. Accumulating evidence points to a prominent role for SUMOylation
in cellular proteostasis in both a UPS-dependent and independent
manner (Liebelt and Vertegaal, 2016). Several proteomics studies have
revealed an extensive interplay between SUMOylation and ubiquitina-
tion under stress conditions (Schimmel et al., 2008; Tatham et al., 2011;
Yang et al, 2012, 2014). SUMO-targeted ubiquitin ligases that recognize
SUMOylated proteins for degradation have been identified (Liebelt and
Vertegaal, 2016; Tatham et al., 2008). On the other hand, since many
SUMO targets are transcription factors or nuclear proteins involved in
regulating gene expression, activation of SUMOylation can modulate
many protein levels and thus, influence proteostasis independent of the
UPS.

As a protein quality control mechanism, SUMOylation plays a major
role in aging-related neurodegenerative diseases (Anderson et al., 2017;
Princz and Tavernarakis, 2017). For example, key proteins involved in
Alzheimer's, Parkinson's, and Huntington's diseases are also SUMO
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targets. Data have shown that SUMOylation reduces generation of
amyloid beta peptide (Li et al., 2003), increases solubility of a-synu-
clein (Krumova et al., 2011), and decreases formation of mutant hun-
tingtin protein aggregates (Steffan et al., 2004). It is important to note
that negative effects of SUMOylation on protein solubility and ag-
gregation in neurodegenerative diseases have also been reported
(Liebelt and Vertegaal, 2016). In brain ischemia, however, most agree
that SUMOylation is neuroprotective (Bernstock et al., 2018a; Datwyler
et al., 2011; Lee et al, 2009, 2011, 2014; Zhang et al., 2017). For ex-
ample, overexpression of Ubc9 in mice leads to elevated levels of SU-
MOylated proteins in the brain, and confers neuroprotection against
ischemia-induced brain injury (Lee et al., 2011). Further, when SU-
MOylation is suppressed by silencing SUMO1-3 expression in the mouse
brain, the functional outcome after transient forebrain ischemia is
worse (Zhang et al., 2017). Moreover, in vitro and in vivo data support
the notion that SUMOylation contributes to the ischemic tolerance in-
duced by preconditioning (Cuomo et al., 2016; Lee et al., 2009; Tong
et al., 2015; Yang et al., 2008a). For example, knockdown of SUMO1
dramatically attenuates benefits from OGD preconditioning in cells (Lee
et al., 2009); SUMOylation is increased after a short preconditioning
period of transient MCAO (Yang et al., 2008a); and Ubc9 is required for
isoflurane-induced preconditioning against ischemic neuronal injury
(Tong et al., 2015). Notably, a recent case report showed an increase in
SUMO1-3 immune reactivity in the ischemic penumbral neurons of a
post-stroke human brain, a pattern similar to those observed in animal
studies (Bernstock et al., 2017). This finding suggests clinical relevance
of the SUMOylation pathway in brain ischemia diseases. In future ex-
perimental studies, an important next step is to determine how each of
the 3 SUMO isoforms affects outcome after brain ischemia. This re-
quires individual SUMO knockout mouse lines. In the case of SUMO2,
however, a mouse line with conditional knockout is needed since global
deletion of Sumo2 in mice is lethal (Wang et al., 2014a).

Information about the effect of age on the SUMOylation pathway is
limited. A recent study by Ficulle et al. showed that global SUMOylated
protein levels in the brain peak at 6 months and then progressively
decrease (Ficulle et al., 2018). We found that after transient forebrain
ischemia and after CA, activation of SUMOylation is less pronounced in
aged vs young brains (Liu et al., 2016; Shen et al., 2018). Considering
that SUMOylation is neuroprotective, and that evidence supports a
prominent role for SUMOylation in proteostasis, these aging-related
changes in the SUMO conjugation pathway may contribute to worse
outcome in aged vs young animals after an ischemic injury. Therefore,
enhancing activation of the SUMOylation pathway would be expected
to protect even aged brains against ischemic injury. Currently, however,
there are few pharmacologic tools that can specifically target the SU-
MOylation pathway and thus, translational brain ischemia research in
this area has been impeded (Bernstock et al., 2018a; Yang et al., 2016).
Large-scale drug screenings are needed to address this deficit. Toward
this end, an adaptation of our recently established high-throughput
platform screening for SENP inhibitors could be useful (Bernstock et al.,
2018b).

4. Autophagy

In the protein quality control network, autophagy is another es-
sential protein degradation component, which is mediated by lysosomal
degradation of protein aggregates and damaged organelles (Kroemer
et al., 2010). Although there are 3 types of autophagy - macro-
autophagy, microautophagy, and chaperone-mediated autophagy —
macroautophagy has been the most widely studied in aging and aging-
related diseases (Liang and Sigrist, 2018; Nixon, 2013). Therefore, this
discussion is focused on macroautophagy (hereafter called autophagy).

The autophagy process is tightly controlled, and engages multiple
autophagy-related (ATG) proteins in 5 sequential steps: 1) initiation, 2)
nucleation and formation of phagophores, 3) phagophore elongation
and sequestration of cytoplasmic cargo to form autophagosomes, 4)
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fusion with lysosomes to form autolysosomes, and 5) degradation.
Autophagy is primarily regulated negatively by the mammalian target
of rapamycin (mTOR) pathway, and positively by the AMP-activated
protein kinase (AMPK) pathway (Hansen et al., 2018). During the
process, the cytosolic form of light chain 3 (LC3) is conjugated to
phosphatidylethanolamine (PE) to form PE-conjugated LC3 (LC3-II),
which is required for the autophagosomal membranes. Thus, LC3-II is
commonly used as a marker for autophagy activity.

Autophagic activity declines with age, as has been observed in
several species (Carnio et al., 2014; Chang et al., 2017; Kaushik et al.,
2012; Sarkis et al., 1988; Simonsen et al., 2008). In C. elegans, for ex-
ample, the number of autophagic vesicles increases and the level of
lysosomal protease activity decreases with advancing age, indicating
impaired autophagic activity (Chang et al., 2017; Sarkis et al., 1988).
Further, in Drosophila, an aging-related reduction in expression of sev-
eral autophagy genes in neural tissues has been observed, and enhan-
cing autophagy in neural tissues extends lifespan and prevents accu-
mulation of protein aggregates (Simonsen et al., 2008). Compared to
young mouse brains, levels of the key autophagy-associated component
ATG?7 and steady-state LC3-II are decreased in aged mouse brains, and
the rate of autophagolysosomal fusion is also reduced (Kaushik et al.,
2012). Further, when ATG7 is deleted in mouse brain neurons, in-
soluble protein aggerates progressively accumulate, and these neurons
then degenerate (Komatsu et al., 2006). Together, these findings show
age-dependent impairment of autophagic function and lysosomal de-
gradation. This impairment is believed to be responsible for the aging-
related decline in proteostasis, which is associated with accumulation
of misfolded and aggregated proteins, a hallmark of neurodegenerative
diseases (Nixon, 2013). Indeed, pharmacologic enhancement of au-
tophagy alleviates neuropathology and neurodegeneration in experi-
mental models of neurodegenerative diseases (Boland et al., 2018; Liu
et al., 2018; Spilman et al., 2010).

In contrast to the considerable research on autophagy in chronic
neurodegenerative diseases, we have only begun to understand its role
in acute brain ischemia. Moreover, these early findings are often in-
consistent and sometimes overtly contradictory [reviewed in (Galluzzi
et al., 2016; Wang et al., 2018)]. It is well established, however, that
autophagy is activated after experimental brain ischemia, including
stroke and CA (Carloni et al., 2010; Cui et al., 2016; Gao et al., 2012;
Papadakis et al., 2013; Sheng et al., 2010; Zhang et al., 2014; Zhu et al.,
2018), and imaging analysis shows that after ischemic stroke, autop-
hagic activity is significantly increased in the neurons of the peri-is-
chemic area in mouse brain (Tian et al., 2010). To dissect the role of
autophagy in brain ischemia, a variety of pharmacologic tools have
been used. Although 2 earlier animal studies reported marked reduction
in infarct volumes after pre- or post-treatment with the autophagy in-
hibitor 3-methyladenine (3-MA) or bafilomycin Al (Puyal et al., 2009;
Wen et al., 2008), a more recent study found that pre-treatment with 3-
MA worsens stroke outcome (Wang et al., 2014b). Moreover, the au-
tophagy activator rapamycin, which targets mTOR activity, is neuro-
protective in neonatal hypoxia-ischemia (Carloni et al., 2010), and the
beneficial effects of various pre-conditioning treatments are dependent
on autophagy activation (Jiang et al, 2014, 2015; Sheng et al., 2010).

Similar to other experimental brain ischemia studies, almost all
studies on autophagy in brain ischemia have been performed on young
animals. As discussed above, autophagy plays essential roles in main-
taining cellular homeostasis and in the pro-survival response to stress,
but its capacity to fulfill these roles declines with advancing age.
Therefore, it is reasonable to speculate that the autophagic response to
ischemic stress is different in aged vs young brains, which may con-
tribute to the severity of brain damage after an ischemic event. Thus, to
harness this important pathway and thereby, reduce injury after brain
ischemia, future studies should focus not only on clarifying the role of
autophagy in brain ischemia, but also on understanding how autophagy
is impaired in the aged brain. Of note, there is a rich resource of
pharmacologic tools that can be used to interfere with various steps of
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Fig. 1. The unfolded protein response (UPR).
Brain ischemia causes endoplasmic reticulum (ER)
stress that activates UPR. The UPR pathway has 3
response branches controlled by 3 ER stress sensors —
protein kinase R-like ER kinase (PERK), activating
transcription factor-6 (ATF6), and inositol-requiring
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the autophagy process (Boland et al., 2018; Galluzzi et al., 2017).

5. Unfolded protein response

In addition to the ubiquitination and autophagy pathways largely in
the cytosol, cells have also developed delicate systems to maintain
proteostasis in subcellular organelles, especially in the endoplasmic
reticulum (ER) where almost one-third of the total proteins are syn-
thesized and folded (Braakman and Bulleid, 2011). ER function is
sensitive to stress conditions, and impaired ER function (ER stress)
leads to accumulation of misfolded or unfolded protein in the ER
lumen. To restore ER function and reestablish proteostasis impaired by
stress, cells activate a battery of adaptive processes, collectively known
as the unfolded protein response (UPR; Fig. 1). The UPR is driven by
3 ER stress sensors — protein kinase R-like ER kinase (PERK), activating
transcription factor-6 (ATF6), and inositol-requiring enzyme-1 (IRE1)
(Yang and Paschen, 2016). Upon activation, PERK phosphorylates eu-
karyotic initiation factor 2a (elF2a), which inhibits global translation
and thus, decreases the ER workload. Activation of the ATF6 and IRE1
branches generates 2 transcriptional factors — short form ATF6 (sATF6)
and spliced Xbpl (XBP1s). Both transcriptional factors can upregulate
expression of genes encoding for ER chaperons (eg, GRP78/Bip),
folding enzymes (eg, PDI), and ER-associated degradation (ERAD)
proteins, and thereby enhance the ER capacity to correctly fold proteins
and clear the unfolded/misfolded proteins. Interestingly, XBP1s also
upregulates expression of multiple enzyme-genes in the hexosamine
biosynthetic pathway (HBP). HBP generates uridine diphosphate N-
acetylglucosamine (UDP-GlcNAc), the substrate for O-GlcNAc protein
modification (O-GlcNAcylation), a post-translational protein modifica-
tion. Thus, under ER stress conditions, XBP1s couples UPR to O-GlcNAc
modification via HBP. O-GlcNAcylation is involved in protein quality
control, and is protective under a variety of stress conditions (Yang and
Qian, 2017; Zhu et al., 2015).

UPR activity also declines with age (Martinez et al., 2017). Indeed,
expression of key ER resident chaperones and folding enzymes, eg
GPR78 and PDI, is decreased in aged vs young rat brains (Paz Gavilan
et al., 2006). Under stress conditions, including proteasome inhibition
and sleep deprivation, activation of all 3 UPR branches appears to be
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scriptional factors — short form ATF6 (sATF6) and
spliced Xbpl (XBP1s). These transcriptional factors
regulate expression of genes that are involved in the
processes of protein folding, ER-associated degrada-
tion (ERAD), hexosamine biosynthetic pathway
(HBP)/O-linked B-N-acetylglucosamine (O-GIcNAc),
and autophagy.
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impaired in the aged brain (Gavilan et al., 2009; Naidoo et al., 2008).
Given that the UPR is an essential component of the proteostasis net-
work, it is not surprising that many studies suggest a key role for the
aging-related decline in UPR activity in the abnormal accumulation of
protein aggregates, which eventually contributes to the pathogenesis of
neurodegenerative diseases (Hetz and Saxena, 2017; Martinez et al.,
2017). Notably, the IRE1/XBP1s pathway is the most conserved of the
UPR branches. Overexpression of XBP1s in neurons can increase life-
span in C. elegans by 30% (Taylor and Dillin, 2013), highlighting not
only the importance of proteostasis in aging cells, but also the sig-
nificance of the IRE1/XBP1s UPR branch in proteostasis.

Many experimental studies have demonstrated that both global and
focal brain ischemia disrupt cellular proteostasis, and thus activate the
UPR (Yang and Paschen, 2016), which may also be the case in ischemic
human brains (Duan et al., 2010). However, an experimental study
suggests dysfunction in regulation of the UPR in the post-ischemic
brain, as it does not appear to be sufficiently activated to restore ER
functions impaired by ischemia/reperfusion (Kumar et al., 2003).
Specifically, the IRE1 and PERK branches are clearly activated after
brain ischemia, reflected by a marked increase in Xbpls mRNA levels
and phosphorylated elF2a protein levels. However, there is no con-
vincing evidence that the ATF6 branch is activated in the post-CA or
post-ischemic stroke brain (Kumar et al., 2003; Shen et al., 2018; Yu
et al., 2017), even though it may be critical to cell recovery from dis-
rupted proteostasis. Indeed, sATF6 can upregulate the expression of
many pro-survival genes, especially grp78, which encodes for the most
abundant ER chaperon. Recently, we discovered that forced activation
of the ATF6 branch in neurons significantly reduces infarct sizes, and
improves recovery of neurologic function after ischemic stroke in mice
(Yu et al., 2017). Thus, activation of UPR to restore ER function im-
paired by ischemia is a pro-survival stress response. This is also sup-
ported by other studies using pharmacologic tools. For example, BIX is a
small molecule that can preferentially induce GRP78 expression, and is
neuroprotective in ischemic stroke (Kudo et al., 2008). Treatment with
the chemical chaperone sodium 4-phenylbutyrate (4-PBA) attenuates
ER stress-mediated cell death, and improves neurologic function in a
mouse model of hypoxia-ischemia (Qi et al., 2004). Further, post-is-
chemic treatment with salubrinal, a specific inhibitor of
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dephosphorylation of p-elF2a, results in long-lasting post-ischemic
el[F2o  phosphorylation and reduced ischemic brain damage
(Anuncibay-Soto et al., 2016). Moreover, ischemic preconditioning in-
creases expression of the ER resident chaperon GRP78, which prevents
delayed neuronal cell death after subsequent harmful global brain
ischemia in the rat (Hayashi et al., 2003).

Recently, we systematically compared activation of the UPR and
associated O-GlcNAcylation in young and aged brains after transient
forebrain ischemia and CA (Liu et al., 2016; Shen et al., 2018). In these
studies, one prominent finding is that activation of O-GlcNAcylation is
dysfunctional in the post-ischemic brain of aged mice. Ischemia-acti-
vated O-GlcNAcylation in the brain is neuroprotective, and largely
dependent on the IRE1/XBP1s UPR branch, as deletion of XBP1 in the
forebrain suppresses activation of O-GlcNAcylation, and leads to worse
stroke outcome (Jiang et al., 2017). These findings suggest that the
IRE1/XBP1s/0-GlcNAc axis plays an important role in protecting
against brain damage by facilitating restoration of proteostasis im-
paired by ischemia. Notably, our comparative studies clearly indicate
that activation of the IRE1/XBP1s/O-GlcNAc axis is impaired in the
aged brain after ischemia. Thus, pharmacologic interventions that re-
verse this aging-related impairment would be expected to improve
outcome after brain ischemia in aged animals. Indeed, we provided the
first evidence that treatment with thiamet-G, which is able to increase
O-GlcNAcylation in the aged brain, significantly reduces infarct sizes,
and improves neurologic function in aged mice after ischemic stroke
(Jiang et al., 2017). These data also indicate a promising new strategy
in the ongoing search for novel interventions that are neuroprotective
in brain ischemia, namely to focus on pro-survival pathways that are
activated in the young, but not the aged, ischemic brain.

6. Conclusions and perspectives

Stroke and CA are potentially devastating medical conditions that
most often strike elderly people, and can cause severe brain damage.
Clinical studies show that outcomes after CA and stroke worsen with
increasing age (Ay et al., 2005; Knoflach et al., 2012; Terman et al.,
2015). Such findings indicate an aging-related decline in the brain's
capacity to recover from an ischemic injury. More specifically,
mounting evidence suggests that the capacity of the aged brain to
preserve/restore proteostasis after ischemia is compromised (Jiang
et al., 2017; Kaushik and Cuervo, 2015; Liu et al., 2016; Shen et al.,
2018). Therefore, enhancing this capacity by boosting relevant path-
ways would be expected to improve outcomes after brain ischemia,
even in elderly patients. This strategy is believed to work more effi-
ciently in the acute phase after brain ischemia/reperfusion because cell
survival depends upon timely restoration of proteostasis, which has
been disrupted by ischemic stress in the brain. Such evidence of proof-
of-concept has recently been provided. Activation of O-GlcNAcylation
in the post-ischemic brain is severely impaired in the aged vs young
brains; however, if O-GlcNAcylation is boosted pharmacologically at
30 min after ischemia, stroke outcome is improved in aged mice (Jiang
et al., 2017). Thus, pharmacologic interventions to boost proteostasis-
related pathways that are impaired in aged animals, may hold great
promise to improve outcome in elderly brain ischemia patients.

Although animal models may not be able to faithfully mimic all
aspects of human disease, experimental studies that have used these
models have provided tremendous insights into the pathophysiology of
stroke and CA (Dirnagl and Endres, 2014; Vognsen et al., 2017). Con-
sequently, such animal research is deemed essential for the discovery of
new and promising therapeutic targets in human brain ischemia.
However, most experimental stroke and CA studies are conducted in
young animals, which may critically contribute to the disappointing
results in translational brain ischemia research (Yang and Paschen,
2017). Thus, although we acknowledge the obvious challenges in ex-
perimental brain ischemia studies on aged animals - including difficulty
in performing surgeries, relatively high animal cost, and considerably
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higher mortality — more brain ischemia studies in aged animals are
clearly justified from a translational perspective. First, most CA and
stroke patients are elderly. Second, compelling evidence indicates that
the stress response of many key cellular processes, especially proteos-
tasis, is impaired in aged brains compared to young brains. Finally,
many studies have demonstrated that enhancing the aged brain's ca-
pacity to restore proteostasis, prevents proteotoxicity and exerts re-
markably neuroprotective effects in a variety of brain disorders and
diseases including brain ischemia.
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