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Is age a key factor contributing
to the disparity between success
of neuroprotective strategies
in young animals and limited
success in elderly stroke patients?
Focus on protein homeostasis

Wei Yang1 and Wulf Paschen1,2

Abstract

Neuroprotection strategies to improve stroke outcome have been successful in the laboratory but not in clinical stroke

trials, and thus have come under scrutiny by the medical community. Experimental stroke investigators are therefore

under increased pressure to resolve this problem. Acute ischemic stroke represents a severe form of metabolic stress

that activates many pathological processes and thereby impairs cellular functions. Traditionally, neuroprotection strate-

gies were designed to improve stroke outcome by interfering with pathological processes triggered by ischemia.

However, stroke outcome is also dependent on the brain’s capacity to restore cellular functions impaired by ischemia,

and this capacity declines with age. It is, therefore, conceivable that this age-dependent decline in the brain’s self-healing

capacity contributes to the disparity between the success of neuroprotective strategies in young animals, and limited

success in elderly stroke patients. Here, prosurvival pathways that restore protein homeostasis impaired by ischemic

stress should be considered, because their capacity decreases with increasing age, and maintenance of proteome fidelity

is pivotal for cell survival. Boosting such prosurvival pathways pharmacologically to restore protein homeostasis and,

thereby, cellular functions impaired by ischemic stress is expected to counterbalance the compromised self-healing

capacity of aged brains and thereby help to improve stroke outcome.
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Stroke is a serious medical condition that affects about
800,000 in the US every year.1 Brain damage after stroke
can cause devastating loss of brain functions and disabil-
ity, creating a major burden for patients and their
families as well as public and private health care systems.
Therefore, developing treatment strategies that minimize
brain damage after stroke is a high priority.

The pathophysiology of acute ischemic stroke has
been investigated extensively in animal models, and
strategies have been developed to improve stroke out-
come by blocking pathological processes triggered by
ischemia, including excitotoxicity, oxidative stress, and
inflammation.2–9 Such neuroprotection strategies have
been effective in experimental stroke studies, but have
largely failed in clinical trials. Many factors that
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potentially contribute to this disparity in outcomes have
been identified,2,10–18 including lack of rigor in design
and execution of preclinical studies, use of animal stroke
models that do not mimic stroke in patient regarding
pathophysiology, and use of healthy animals for experi-
mental studies that do not exhibit comorbidities typ-
ical for stroke patients. Strategies to remove such
barriers in translational stroke research have been
extensively discussed and suggested to be considered
for future experimental stroke studies.19–25 Age has
attracted less attention as a factor potentially contribut-
ing to unsuccessful translational stroke research, even
though the neuroprotection strategies that failed in clin-
ical trials on elderly stroke patients were developed in
experimental stroke studies performed primarily in
young animals. Notably, the contribution of age has
been considered predominantly with respect to co-mor-
bidities characteristic of stroke patients. However, aging
is also associated with a marked decline in the brain’s
self-healing capacity to restore cellular functions
impaired by ischemic stress.26–32

Age is a key risk factor for ischemic stroke. In acute
ischemic stroke, the ischemic core is surrounded by the
penumbra—brain tissue that is metabolically compro-
mised but still viable.33 The penumbra is, therefore, a
primary target for acute stroke therapies. Imaging tech-
nology is used in the clinic to measure the size of the
penumbra,34–39 in order to assess the potential benefits
of therapeutic interventions to block the expansion
of the ischemic core into the penumbra. In preclinical
studies, a battery of imaging approaches is at hand to
evaluate the size of the penumbra with great precision,
including autoradiography, metabolic imaging, and
high-resolution MRI. Imaging technologies used in
the clinic, including MRI, PET, and CT, also provide
sufficient resolution to evaluate the size of the penum-
bra and thereby assess the potential benefits of thera-
peutic interventions. Notably, the risk for potentially
salvageable penumbra to convert to infarcted tissue
increases with age,40 and functional recovery from
stroke decreases with age,32,41 suggesting that aging is
associated with a decline in the brain’s self-healing cap-
acity to restore cellular functions impaired by ischemic
stress. This could have a major implication on out-
comes of clinical stroke trials that test neuroprotection
strategies that were developed in young animals.
Indeed, such strategies are based on the assumption
that stroke outcome will be improved by blocking
ischemia-induced pathological processes as the cellu-
lar capacity to restore functions after ischemia is not
compromised by aging. It is, therefore, predictable that
such neuroprotection strategies will be less effective in
the elderly patients after acute ischemic stroke
because of the age-related decline in the brain’s self-
healing capacity.

In our search for novel approaches to improve
stroke outcome in the clinical setting, we thus began
to focus on processes that play key roles in maintaining
cellular homeostasis, but that decline with age and are
impaired by ischemic stress. Here, a promising target is
protein homeostasis (proteostasis), that is, the dynamic
equilibrium between protein synthesis and maturation,
keeping proteins functional, and degradation of pro-
teins by the ubiquitin/proteasome system or by autop-
hagy. Proteostasis is achieved by many proteins acting
in concert to maintain proteome fidelity in the cells, and
notably, the proteostasis maintenance capacity declines
with increasing age.42,43 Indeed, impaired proteostasis
is associated with a variety of age-related diseases.44,45

In postmitotic cells such as neurons and cardiomyo-
cytes, loss of proteostasis is of particular concern
because damaged proteins can accumulate over time
and form potentially toxic aggregates. Proteostasis is
maintained by a complex network involving about
1400 proteins in human cells.46 Of note, proteins are
required for all cellular processes and the capacity to
maintain proteostasis declines with age.42 Further, the
signaling pathways that regulate longevity modulate
the capacity of cells to maintain proteostasis, indicating
the critical importance of functional proteins to keep
cells viable. Together, this suggests that at advanced
age all cellular processes are at risk in pathological con-
ditions associated with impaired proteostasis, including
ischemic stroke.

A network of cellular processes maintains proteosta-
sis by ensuring that newly synthesized proteins are
functional and that unfolded or misfolded proteins
are cleared from cells, and restores proteostasis
impaired by stress. Three of these processes are import-
ant to discuss here specifically: small ubiquitin-like
modifier (SUMO) and ubiquitin conjugation, autop-
hagy, and the unfolded protein response (UPR).
SUMO and ubiquitin conjugation are key components
of the protein quality control system that ensure that
newly synthesized proteins are functional and that
unfolded or misfolded proteins are cleared from cells
through the ubiquitin-proteasome system.47–50

Autophagy is activated under cellular stress condi-
tions to restore protein homeostasis by lysosome-
mediated degradation of large protein aggregates.51

Autophagy has been implicated in many human dis-
eases, and its activation is regarded as a protective
mechanism that allows cells to survive under stress con-
ditions.52,53 The autophagy pathway is activated in
brain ischemia/stroke, and reports from experimental
studies demonstrate that activation of autophagy is a
neuroprotective stress response.54–57 Notably, autop-
hagy activity decreases with increasing age.58 It is,
therefore, highly likely that the age-related decline in
autophagy activity compromises the cellular capacity
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to restore proteostasis impaired by stress, and contrib-
ute to worse stroke outcome in aged brains.

UPR is activated in response to accumulation of
unfolded/misfolded proteins in the lumen of the endo-
plasmic reticulum (ER), the cellular organelle in which
newly synthesized membrane and secretory proteins are
folded and processed.59 The UPR has three response
branches that are controlled by stress sensor proteins
located in the ER membrane—the activating transcrip-
tion factor 6 (ATF6), the inositol-requiring enzyme-1
(IRE1), and the protein kinase RNA-like ER kinase
(PERK).59,60 The IRE1 UPR branch is of particular
significance here because it plays a prominent role in
restoring proteostasis impaired by stress. ER stress-
activated IRE1 triggers splicing of X-box binding pro-
tein-1 (Xbp1) mRNA which causes a frame shift of the
coding sequence and consequent formation of the new
protein spliced XBP1 (XBP1s). XBP1s is a transcrip-
tion factor and regulates expression of subsets of genes
that code for ER-resident chaperones and enzymes of
the hexosamine biosynthetic pathway (HBP).61–63 HBP
produces uridine diphosphate N-acetylglucosamine,
the substrate for O-linked b-N-acetylglucosamine
(O-GlcNAc) modification of proteins (O-GlcNAcylation).
Notably, increased O-GlcNAcylation protects cells
against injury associated with a variety of ER stress-
related conditions.64–67 Studies on Caenorhabditis ele-
gans, a widely used model system for aging research,
suggest that the IRE1 UPR branch is a key compo-
nent of the network of cellular processes involved
in restoring proteostasis impaired by stress.68,69

Specifically, overexpression of XBP1s in neurons and
O-GlcNAcylation of proteins involved in gene expres-
sion confer protection against stress conditions that
impair proteostasis. Further, both XBP1s overexpres-
sion and O-GlcNAc cycling at genes positively correlate
with longevity, which highlights the importance of pro-
teostasis in aging cells, and suggests that restoration of
proteostasis impaired by stress is critical to the survival
of cells compromised by disease associated with aging,
such as stroke. Together, these observations suggest
that activation of the IRE1/XBP1/HBP/O-GlcNAc
axis plays a key role in helping cells to withstand
stress conditions that impair proteostasis.

Results from a variety of experimental studies sup-
port the notion that transient brain ischemia impairs
proteostasis, as evidenced by suppression of protein syn-
thesis, formation of protein aggregates, and activation
of ubiquitin and SUMO conjugation andUPR.26,60,70–74

Importantly, ubiquitin and SUMO conjugation and O-
GlcNAcylation are markedly increased in brains of
young mice exposed to a short ischemic stress, but this
activation is severely impaired in aged brains.26 This
suggests an aging-related decline in the brain’s capacity
to restore proteostasis impaired by ischemic stress. In

acute ischemic stroke, the XBP1-induced O-
GlcNAcylation of proteins (IRE1/XBP1/HBP/
O-GlcNAc axis) plays a key role in defining stroke
outcome in mice.75 Specifically, deletion of XBP1 in
neurons worsens stroke outcome; stroke activates
O-GlcNAcylation in neurons of the penumbra that is
XBP1-dependent and pharmacologic boosting of O-
GlcNAcylation improves stroke outcome. These find-
ings suggest that restoration of proteostasis critically
defines stroke outcome and that activation of XBP1-
induced O-GlcNAcylation plays an essential role in
neuroprotection in experimental stroke. Interestingly,
restoration of proteostasis is also an important compo-
nent of the neuroprotective effects of preconditioning
that helps neurons to better withstand stress condi-
tions,76 and further, aging has been associated with
reduced neuroprotective effects of preconditioning in
both preclinical and clinical studies.77–79 Considering
the potential role of the IRE1/XBP1/HBP/O-GlcNAc
axis in stroke outcome, it is plausible to expect that
any aging-related impairment of this axis would have a
detrimental effect. This is indeed the case. Stroke-
induced activation of the IRE1/XBP1/HBP/O-GlcNAc
axis in neurons of the stroke penumbra is severely
impaired in aged brains, and this impairment is linked
to worse stroke outcome.75 Thus, experimental stroke
studies in young rodents do not mimic the aging-related
pathologic milieu associated with stroke in aged brains.

Whether the IRE1/XBP1/HBP/O-GlcNAc axis is
involved in the outcome of patients suffering from ische-
mic stroke still needs to be verified. Considering that this
pathway is highly conserved, it is very likely that the
response of neurons to ischemic stress is not different in
mice and humans. It will be challenging to investigate O-
GlcNAcylation inbrains of stroke patients because this is
a highly dynamic protein modification that cannot be
evaluated in postmortem brains. However, there is
ample evidence for a pivotal role of the XBP1/HBP/O-
GlcNAc axis in keeping neurons healthy, as a -116C/G
polymorphism in the promoter region of XBP1, that
results in impaired XBP1 expression upon endoplasmic
reticulum stress,80 is associated with risk of Alzheimer’s
disease and ischemic stroke.81,82 Furthermore, a variety
of experimental studies reported a key role of the XBP1/
HBP/O-GlcNAc axis in physiological and pathological
states of the brain. Specifically, this axis is involved in
memory processes,83,84 caloric restriction improves
memory deficit associated with diabetes by increasing
levels of O-GlcNAc modified proteins in the hippocam-
pus,85 and loss of theO-GlcNAc transferase in excitatory
neurons induces neurodegeneration,86 while increasing
O-GlcNAcylation slows neurodegeneration.87

The mechanisms underlying neuroprotection
provided by activation of the IRE1/XBP1/HBP/
O-GlcNAc axis are still not well understood. Much of
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our understanding of how O-GlcNAcylation increases
the resistance of cells to stress comes from experi-
ments in cardiomyocytes and myocardial ischemia stu-
dies.66,88–92 Specifically, O-GlcNAcylation attenuates
calcium overload and reactive oxygen species (ROS)
generation,92 and ER stress-induced cardiomyocyte
death,66 increases mitochondrial Bcl-2,93 and protects
mitochondria from loss of membrane potential and for-
mation of the permeability transition pore.94 Notably,
O-GlcNAcylation is also associated with isoflurane-
induced cardioprotection.91

Solving the translational challenges of developing
interventions that protect against ischemia-induced
injury is likely a problem in many areas of medicine.
Cardiac disease, for example, also has well defined
aging-related components including impaired proteos-
tasis.95 Notably, age is a major risk factor for develop-
ing ischemic heart disease; ischemic tolerance is
impaired in aged murine and human hearts, and the
protective effects of ischemic preconditioning is lost in
elderly patients.96–98 Interestingly, this age-related
decline in the effect of ischemic preconditioning to pro-
tect the heart from ischemic stress is rescued by physical
activity and caloric restriction,99 known to improve the
capacity to maintain proteostasis with increasing age.42

Despite the many cardioprotection strategies that have
been developed and successfully tested in experimental
studies, outcomes of clinical trials have been largely
disappointing, and as in stroke research, strategies to
increase the rigor of preclinical studies have been dis-
cussed and implemented in an effort to improve bench-
to-bedside translational research.100

In conclusion, the age-related decline in the capacity
to maintain proteostasis and to activate prosurvival
pathways to restore cellular function impaired by
ischemic stress could be a major factor contributing
to ischemic stroke outcome in the clinical setting.
Consequently, neuroprotection strategies that block
ischemia-induced pathological processes, and thereby
improve stroke outcome in preclinical studies on
young animals, are likely to have limited success rates
in elderly stroke patients. Therefore, future experimen-
tal stroke studies need to take into account the aging-
related decline in the brain’s self-healing capacity and
include experiments on aged animals into the repertoire
of preclinical stroke studies. Pharmacologic interven-
tions could help to rescue the aging-related decline in
the brain’s self-healing capacity and thereby improve
stroke outcome. Ultimately, a combination approach
designed to block pathological processes and boost
prosurvival pathways could be considered to be applied
at an early time after stroke onset and thereby help cells
in the stroke penumbra to withstand ischemic stress
until blood flow can be restored in the clinic by more
invasive interventions.

Funding

The author(s) disclosed receipt of the following financial

support for the research, authorship, and/or publication of
this article: This work was supported by NIH R01 grants
(NS081299 and NS097554 to WP; NS099590 to WY),
and American Heart Association grant 16GRNT30270003

(to WY).

Acknowledgements

We thank Kathy Gage for her excellent editorial
contribution.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this
article.

References

1. Writing Group M, Mozaffarian D, Benjamin EJ, et al.

Heart disease and stroke statistics – 2016 update: a report

from the American Heart Association. Circulation 2016;

133: e38–e360.
2. Chamorro A, Dirnagl U, Urra X, et al. Neuroprotection

in acute stroke: targeting excitotoxicity, oxidative and

nitrosative stress, and inflammation. Lancet Neurol

2016; 15: 869–881.

3. Moskowitz MA, Lo EH and Iadecola C. The science of

stroke: mechanisms in search of treatments. Neuron 2010;

67: 181–198.

4. Ginsberg MD. Neuroprotection for ischemic stroke:

past, present and future. Neuropharmacology 2008; 55:

363–389.
5. Lipton P. Ischemic cell death in brain neurons. Physiol

Rev 1999; 79: 1431–1568.
6. Lo EH. A new penumbra: transitioning from injury into

repair after stroke. Nat Med 2008; 14: 497–500.

7. Dirnagl U, Iadecola C and Moskowitz MA.

Pathobiology of ischaemic stroke: an integrated view.

Trends Neurosci 1999; 22: 391–397.

8. Lo EH, Moskowitz MA and Jacobs TP. Exciting, radical,

suicidal: how brain cells die after stroke. Stroke 2005; 36:

189–192.
9. Tymianski M. Emerging mechanisms of disrupted cellu-

lar signaling in brain ischemia. Nat Neurosci 2011; 14:

1369–1373.
10. Hossmann KA. The two pathophysiologies of focal brain

ischemia: implications for translational stroke research.

J Cereb Blood Flow Metab 2012; 32: 1310–1316.
11. Warner DS, James ML, Laskowitz DT, et al.

Translational research in acute central nervous system

injury: lessons learned and the future. JAMA Neurol

2014; 71: 1311–1318.

12. Turner RJ, Jickling GC and Sharp FR. Are underlying

assumptions of current animal models of human stroke

correct: from STAIRs to high hurdles? Transl Stroke Res

2011; 2: 138–143.

Yang and Paschen 3321



13. O’Collins VE, Macleod MR, Donnan GA, et al. 1,026

experimental treatments in acute stroke. Ann Neurol

2006; 59: 467–477.
14. Iadecola C and Anrather J. Stroke research at a cross-

road: asking the brain for directions. Nat Neurosci 2011;

14: 1363–1368.
15. Moskowitz MA. Brain protection: maybe yes, maybe no.

Stroke 2010; 41(10 Suppl): S85–S86.
16. Wiendl H, Elger C, Forstl H, et al. Gaps between aims

and achievements in therapeutic modification of neuronal

damage (‘‘neuroprotection’’). Neurotherapeutics 2015; 12:

449–454.
17. Dirnagl U and Endres M. Found in translation: preclin-

ical stroke research predicts human pathophysiology,

clinical phenotypes, and therapeutic outcomes. Stroke

2014; 45: 1510–1518.
18. Dirnagl U. Thomas Willis lecture: is translational stroke

research broken, and if so, how can we fix it? Stroke 2016;

47: 2148–2153.

19. Landis SC, Amara SG, Asadullah K, et al. A call for

transparent reporting to optimize the predictive value of

preclinical research. Nature 2012; 490: 187–191.
20. Philip M, Benatar M, Fisher M, et al. Methodological

quality of animal studies of neuroprotective agents cur-

rently in phase II/III acute ischemic stroke trials. Stroke

2009; 40: 577–581.

21. Fisher M and Stroke Therapy Academic Industry R.

Recommendations for advancing development of acute

stroke therapies: Stroke Therapy Academic Industry

Roundtable 3. Stroke 2003; 34: 1539–1546.
22. Fisher M, Albers GW, Donnan GA, et al. Enhancing the

development and approval of acute stroke therapies:

Stroke Therapy Academic Industry Roundtable. Stroke

2005; 36: 1808–1813.
23. Fisher M, Hanley DF, Howard G, et al.

Recommendations from the STAIR V meeting on acute

stroke trials, technology and outcomes. Stroke 2007; 38:

245–248.
24. Saver JL, Albers GW, Dunn B, et al. Stroke Therapy

Academic Industry Roundtable (STAIR) recommenda-

tions for extended window acute stroke therapy trials.

Stroke 2009; 40: 2594–2600.
25. Lapchak PA, Zhang JH and Noble-Haeusslein LJ.

RIGOR guidelines: escalating STAIR and STEPS for

effective translational research. Transl Stroke Res 2013;

4: 279–285.

26. Liu S, Sheng H, Yu Z, et al. O-linked beta-N-acetylglu-

cosamine modification of proteins is activated in post-

ischemic brains of young but not aged mice: implications

for impaired functional recovery from ischemic stress.

J Cereb Blood Flow Metab 2016; 36: 393–398.
27. Li S, Zheng J and Carmichael ST. Increased oxidative

protein and DNA damage but decreased stress response

in the aged brain following experimental stroke.

Neurobiol Dis 2005; 18: 432–440.
28. Suenaga J, Hu X, Pu H, et al. White matter injury and

microglia/macrophage polarization are strongly linked

with age-related long-term deficits in neurological func-

tion after stroke. Exp Neurol 2015; 272: 109–119.

29. DiNapoli VA, Huber JD, Houser K, et al. Early disrup-
tions of the blood–brain barrier may contribute to exa-
cerbated neuronal damage and prolonged functional

recovery following stroke in aged rats. Neurobiol Aging
2008; 29: 753–764.

30. Kim TH and Vemuganti R. Effect of sex and age inter-
actions on functional outcome after stroke. CNS

Neurosci Ther 2015; 21: 327–336.
31. Rosenzweig S and Carmichael ST. Age-dependent

exacerbation of white matter stroke outcomes: a role

for oxidative damage and inflammatory mediators.
Stroke 2013; 44: 2579–2586.

32. Knoflach M, Matosevic B, Rucker M, et al. Functional

recovery after ischemic stroke – a matter of age: data
from the Austrian Stroke Unit Registry. Neurology
2012; 78: 279–285.

33. Astrup J, Siesjo BK and Symon L. Thresholds in cere-
bral ischemia – the ischemic penumbra. Stroke 1981; 12:
723–725.

34. Campbell BC, Mitchell PJ, Kleinig TJ, et al.

Endovascular therapy for ischemic stroke with perfu-
sion-imaging selection. N Engl J Med 2015; 372:
1009–1018.

35. Bivard A, Yassi N, Krishnamurthy V, et al. A compre-
hensive analysis of metabolic changes in the salvaged pen-
umbra. Neuroradiology 2016; 58: 409–415.

36. An H, Ford AL, Chen Y, et al. Defining the ischemic
penumbra using magnetic resonance oxygen metabolic
index. Stroke 2015; 46: 982–988.

37. Ma H, Wright P, Allport L, et al. Salvage of the

PWI/DWI mismatch up to 48 h from stroke onset leads
to favorable clinical outcome. Int J Stroke 2015; 10:
565–570.

38. Markus R, Reutens DC, Kazui S, et al. Topography and
temporal evolution of hypoxic viable tissue identified
by 18F-fluoromisonidazole positron emission tomog-

raphy in humans after ischemic stroke. Stroke 2003; 34:
2646–2652.

39. Davis S and Donnan GA. Time is Penumbra: imaging,

selection and outcome. The Johann jacob wepfer award
2014. Cerebrovasc Dis 2014; 38: 59–72.

40. Ay H, Koroshetz WJ, Vangel M, et al. Conversion of
ischemic brain tissue into infarction increases with age.

Stroke 2005; 36: 2632–2636.
41. Nakayama H, Jorgensen HS, Raaschou HO, et al. The

influence of age on stroke outcome. The Copenhagen

Stroke Study. Stroke 1994; 25: 808–813.
42. Hartl FU. Cellular homeostasis and aging. Annu Rev

Biochem 2016; 85: 1–4.

43. Riera CE, Merkwirth C, De Magalhaes Filho CD, et al.
Signaling networks determining life span. Annu Rev
Biochem 2016; 85: 35–64.

44. Douglas PM and Dillin A. Protein homeostasis and aging

in neurodegeneration. J Cell Biol 2010; 190: 719–729.
45. Hipp MS, Park SH and Hartl FU. Proteostasis impair-

ment in protein-misfolding and -aggregation diseases.

Trends Cell Biol 2014; 24: 506–514.
46. Kim YE, Hipp MS, Bracher A, et al. Molecular chaper-

one functions in protein folding and proteostasis. Annu

Rev Biochem 2013; 82: 323–355.

3322 Journal of Cerebral Blood Flow & Metabolism 37(10)



47. Tatham MH, Matic I, Mann M, et al. Comparative

proteomic analysis identifies a role for SUMO in protein

quality control. Sci Signal 2011; 4: rs4.
48. Schimmel J, Larsen KM, Matic I, et al. The ubiquitin-

proteasome system is a key component of the SUMO-2/3

cycle. Mol Cell Proteomics 2008; 7: 2107–2122.
49. Schubert U, Anton LC, Gibbs J, et al. Rapid degradation

of a large fraction of newly synthesized proteins by pro-

teasomes. Nature 2000; 404: 770–774.

50. Liebelt F and Vertegaal AC. Ubiquitin-dependent

and independent roles of SUMO in proteostasis. Am J

Physiol Cell Physiol 2016; 311: C284–C296.
51. Kroemer G, Marino G and Levine B. Autophagy and the

integrated stress response. Mol Cell 2010; 40: 280–293.
52. Levine B and Kroemer G. Autophagy in the pathogenesis

of disease. Cell 2008; 132: 27–42.
53. Ogata M, Hino S, Saito A, et al. Autophagy is activated

for cell survival after endoplasmic reticulum stress.

Mol Cell Biol 2006; 26: 9220–9231.
54. Carloni S, Girelli S, Scopa C, et al. Activation of autop-

hagy and Akt/CREB signaling play an equivalent role in

the neuroprotective effect of rapamycin in neonatal

hypoxia-ischemia. Autophagy 2010; 6: 366–377.

55. Sheng R, Zhang LS, Han R, et al. Autophagy activation

is associated with neuroprotection in a rat model of focal

cerebral ischemic preconditioning. Autophagy 2010; 6:

482–494.
56. Papadakis M, Hadley G, Xilouri M, et al. Tsc1

(hamartin) confers neuroprotection against ischemia by

inducing autophagy. Nat Med 2013; 19: 351–357.

57. Yu Z, Sheng H, Liu S, et al. Activation of the

ATF6 branch of the unfolded protein response in neurons

improves stroke outcome. J Cereb Blood Flow Metab

2017; 37: 1069–1079.
58. Rubinsztein DC, Marino G and Kroemer G. Autophagy

and aging. Cell 2011; 146: 682–695.
59. Kaufman RJ. Stress signaling from the lumen of the

endoplasmic reticulum: coordination of gene transcrip-

tional and translational controls. Genes Dev 1999; 13:

1211–1233.

60. Yang W and Paschen W. Unfolded protein response in

brain ischemia: a timely update. J Cereb Blood Flow

Metab 2016; 36: 2044–2050.
61. Wang ZV, Deng Y, Gao N, et al. Spliced X-box binding

protein 1 couples the unfolded protein response to hex-

osamine biosynthetic pathway. Cell 2014; 156:

1179–1192.

62. Yamamoto K, Sato T, Matsui T, et al. Transcriptional

induction of mammalian ER quality control proteins is

mediated by single or combined action of ATF6alpha and

XBP1. Dev Cell 2007; 13: 365–376.
63. Lee AH, Iwakoshi NN and Glimcher LH. XBP-1 regu-

lates a subset of endoplasmic reticulum resident chaper-

one genes in the unfolded protein response. Mol Cell Biol

2003; 23: 7448–7459.
64. Zachara NE, O’Donnell N, Cheung WD, et al. Dynamic

O-GlcNAc modification of nucleocytoplasmic proteins in

response to stress. A survival response of mammalian

cells. J Biol Chem 2004; 279: 30133–30142.

65. Jones SP, Zachara NE, Ngoh GA, et al. Cardioprotection
by N-acetylglucosamine linkage to cellular proteins.
Circulation 2008; 117: 1172–1182.

66. Ngoh GA, Hamid T, Prabhu SD, et al. O-GlcNAc sig-
naling attenuates ER stress-induced cardiomyocyte
death. Am J Physiol Heart Circ Physiol 2009; 297:
H1711–H1719.

67. Liu J, Marchase RB and Chatham JC. Increased
O-GlcNAc levels during reperfusion lead to improved
functional recovery and reduced calpain proteolysis. Am

J Physiol Heart Circ Physiol 2007; 293: H1391–H1399.
68. Love DC, Ghosh S, Mondoux MA, et al. Dynamic

O-GlcNAc cycling at promoters of Caenorhabditis ele-

gans genes regulating longevity, stress, and immunity.
Proc Natl Acad Sci U S A 2010; 107: 7413–7418.

69. Taylor RC and Dillin A. XBP-1 is a cell-nonautonomous

regulator of stress resistance and longevity. Cell 2013;
153: 1435–1447.

70. Hu BR, Martone ME, Jones YZ, et al. Protein aggrega-
tion after transient cerebral ischemia. J Neurosci 2000; 20:

3191–3199.
71. Hochrainer K, Jackman K, Anrather J, et al. Reperfusion

rather than ischemia drives the formation of ubiquitin

aggregates after middle cerebral artery occlusion. Stroke
2012; 43: 2229–2235.

72. Iwabuchi M, Sheng H, Thompson JW, et al.

Characterization of the ubiquitin-modified proteome
regulated by transient forebrain ischemia. J Cereb Blood
Flow Metab 2014; 34: 425–432.

73. Yang W, Sheng H, Warner DS, et al. Transient focal

cerebral ischemia induces a dramatic activation of small
ubiquitin-like modifier conjugation. J Cereb Blood Flow
Metab 2008; 28: 892–896.

74. Yang W, Sheng H, Thompson JW, et al. Small ubiquitin-
like modifier 3-modified proteome regulated by brain
ischemia in novel small ubiquitin-like modifier transgenic

mice: putative protective proteins/pathways. Stroke 2014;
45: 1115–1122.

75. Jiang M, Yu S, Yu Z, et al. XBP1 (X-box-binding pro-

tein-1)-dependent O-GlcNAcylation is neuroprotective in
ischemic stroke in young mice and its impairment in aged
mice is rescued by thiamet-G. Stroke 2017; 48:
1646–1654.

76. Mollereau B, Rzechorzek NM, Roussel BD, et al.
Adaptive preconditioning in neurological diseases –
therapeutic insights from proteostatic perturbations.

Brain Res 2016; 1648(Pt B): 603–616.
77. He Z, Crook JE, Meschia JF, et al. Aging blunts

ischemic-preconditioning-induced neuroprotection fol-

lowing transient global ischemia in rats. Curr Neurovasc
Res 2005; 2: 365–374.

78. Della Morte D, Abete P, Gallucci F, et al. Transient
ischemic attack before nonlacunar ischemic stroke in

the elderly. J Stroke Cerebrovasc Dis 2008; 17: 257–262.
79. Della-Morte D, Cacciatore F, Salsano E, et al. Age-

related reduction of cerebral ischemic preconditioning:

myth or reality? Clin Interv Aging 2013; 8: 1055–1061.
80. Kakiuchi C, Iwamoto K, Ishiwata M, et al. Impaired

feedback regulation of XBP1 as a genetic risk factor for

bipolar disorder. Nat Genet 2003; 35: 171–175.

Yang and Paschen 3323



81. Liu SY, Wang W, Cai ZY, et al. Polymorphism -116C/G
of human X-box-binding protein 1 promoter is associated
with risk of Alzheimer’s disease. CNS Neurosci Ther

2013; 19: 229–234.
82. Yilmaz E, Akar R, Eker ST, et al. Relationship between

functional promoter polymorphism in the XBP1 gene
(-116C/G) and atherosclerosis, ischemic stroke and

hyperhomocysteinemia. Mol Biol Rep 2010; 37: 269–272.
83. Martinez G, Vidal RL, Mardones P, et al. Regulation of

memory formation by the transcription factor XBP1. Cell

Rep 2016; 14: 1382–1394.
84. Rexach JE, Clark PM, Mason DE, et al. Dynamic

O-GlcNAc modification regulates CREB-mediated gene

expression and memory formation. Nat Chem Biol 2012;
8: 253–261.

85. Jeon BT, Heo RW, Jeong EA, et al. Effects of caloric

restriction on O-GlcNAcylation, Ca(2þ) signaling, and
learning impairment in the hippocampus of ob/ob mice.
Neurobiol Aging 2016; 44: 127–137.

86. Wang AC, Jensen EH, Rexach JE, et al. Loss of

O-GlcNAc glycosylation in forebrain excitatory neurons
induces neurodegeneration. Proc Natl Acad Sci U S A
2016; 113: 15120–15125.

87. Yuzwa SA, Shan X, Macauley MS, et al. Increasing
O-GlcNAc slows neurodegeneration and stabilizes tau
against aggregation. Nat Chem Biol 2012; 8: 393–399.

88. Liu J, Pang Y, Chang T, et al. Increased hexosamine
biosynthesis and protein O-GlcNAc levels associated
with myocardial protection against calcium paradox
and ischemia. J Mol Cell Cardiol 2006; 40: 303–312.

89. Liu J, Marchase RB and Chatham JC. Glutamine-
induced protection of isolated rat heart from ischemia/
reperfusion injury is mediated via the hexosamine biosyn-

thesis pathway and increased protein O-GlcNAc levels.
J Mol Cell Cardiol 2007; 42: 177–185.

90. Chatham JC and Marchase RB. The role of protein

O-linked beta-N-acetylglucosamine in mediating cardiac
stress responses. Biochim Biophys Acta 2010; 1800: 57–66.

91. Hirose K, Tsutsumi YM, Tsutsumi R, et al. Role of the

O-linked beta-N-acetylglucosamine in the

cardioprotection induced by isoflurane. Anesthesiology
2011; 115: 955–962.

92. Ngoh GA, Watson LJ, Facundo HT, et al. Augmented

O-GlcNAc signaling attenuates oxidative stress and cal-
cium overload in cardiomyocytes. Amino Acids 2011; 40:
895–911.

93. Champattanachai V, Marchase RB and Chatham JC.

Glucosamine protects neonatal cardiomyocytes from
ischemia-reperfusion injury via increased protein
O-GlcNAc and increased mitochondrial Bcl-2. Am J

Physiol Cell Physiol 2008; 294: C1509–C1520.
94. Ngoh GA, Watson LJ, Facundo HT, et al. Non-cano-

nical glycosyltransferase modulates post-hypoxic car-

diac myocyte death and mitochondrial permeability
transition. J Mol Cell Cardiol 2008; 45: 313–325.

95. Wiersma M, Henning RH and Brundel BJ. Derailed

proteostasis as a determinant of cardiac aging. Can J
Cardiol 2016; 32: 1166.e11–1166.e20.

96. Abete P, Cacciatore F, Testa G, et al. Ischemic precon-
ditioning in the aging heart: from bench to bedside.

Ageing Res Rev 2010; 9: 153–162.
97. Peart JN, Pepe S, Reichelt ME, et al. Dysfunctional

survival-signaling and stress-intolerance in aged

murine and human myocardium. Exp Gerontol 2014;
50: 72–81.

98. Ishihara M, Sato H, Tateishi H, et al. Beneficial effect of

prodromal angina pectoris is lost in elderly patients with
acute myocardial infarction. Am Heart J 2000; 139:
881–888.

99. Abete P, Cacciatore F, Della Morte D, et al. Joint effect

of physical activity and body mass index on mortality
for acute myocardial infarction in the elderly: role of
preinfarction angina as equivalent of ischemic precondi-

tioning. Eur J Cardiovasc Prev Rehabil 2009; 16: 73–79.
100. Jones SP, Tang XL, Guo Y, et al. The NHLBI-

sponsored Consortium for preclinicAl assESsment of

cARdioprotective therapies (CAESAR): a new para-
digm for rigorous, accurate, and reproducible evalu-
ation of putative infarct-sparing interventions in mice,

rabbits, and pigs. Circ Res 2015; 116: 572–586.

3324 Journal of Cerebral Blood Flow & Metabolism 37(10)


	XPath error Undefined namespace prefix

