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Abstract

There is interest in pharmacologic preconditioning for end-organ protection by targeting

the HIF system. This can be accomplished by inhibition of prolyl 4-hydroxylase (PHD).
GSK360A is an orally active PHD inhibitor that has been previously shown to protect the fail-
ing heart. We hypothesized that PHD inhibition can also protect the brain from injuries and
resulting behavioral deficits that can occur as a result of surgery. Thus, our goal was to
investigate the effect of pre-stroke surgery brain protection using a verified GSK360A PHD
inhibition paradigm on post-stroke surgery outcomes. Vehicle or an established protective
dose (30 mg/kg, p.o.) of GSK360A was administered to male Sprague-Dawley rats. Initially,
GSK360A pharmacokinetics and organ distribution were determined, and then PHD-HIF
pharmacodynamic markers were measured (i.e., to validate the pharmacological effects of
the GSK360A administration regimen). Results obtained using this validated PHD dose-reg-
imen indicated significant improvement by GSK360A (30mg/kg); administered at 18 and 5
hours prior to transient middle cerebral artery occlusion (stroke). GSK360A exposure and
plasma, kidney and brain HIF-PHD pharmacodynamics endpoints (e.g., erythropoietin;
EPO and Vascular Endothelial Growth Factor; VEGF) were measured. GSK360A provided
rapid exposure in plasma (7734 ng/ml), kidney (45-52% of plasma level) and brain (1—-4% of
plasma level), and increased kidney EPO mRNA (80-fold) and brain VEGF mRNA (2-fold).
We also observed that GSK360A increased plasma EPO (300-fold) and VEGF (2-fold). Fur-
ther assessments indicated that GSK360A reduced post-stroke surgery neurological deficits
(47-64%), cognitive dysfunction (60—75%) and brain infarction (30%) 4 weeks later. Thus,
PHD inhibition using GSK360A pretreatment produced long-term post-stroke brain protec-
tion and improved behavioral functioning. These data support PHD inhibition, specifically by

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017

1/21


https://doi.org/10.1371/journal.pone.0184049
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0184049&domain=pdf&date_stamp=2017-09-07
https://doi.org/10.1371/journal.pone.0184049
https://doi.org/10.1371/journal.pone.0184049
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

GSK360A protects the brain from stroke

publish, and/or the preparation of this paper for
publication. The funder (GSK) provided support in
the form of salaries for authors [JL for Jie Li],
provided the background in vitro and in vivo
information on GSK360, collaborated on the study
design, completed pharmacokinetic and
pharmacodynamic data analysis, and helped in
editing of the manuscript. The specific roles of
these authors are articulated in the “author
contributions” section.

Competing interests: The authors have declared
that this commercial affiliation (GSK) has provided
the financial support for this research study, and
has paid the salaries for the author (JL, Jie Li).
There are no other relationships or activities that
could appear to have influenced the submitted
work. This does not alter our adherence to PLOS
ONE policies on sharing data and materials.

Abbreviations: APA, active place avoidance; EPO,
erythropoietin; HIF, hypoxia-inducible factor; IP,
ischemic preconditioning; IT, ischemic tolerance;
mNSS, modified neurological severity score; PHD,
prolyl 4-hydroxylase; tMCAQO, transient middle
cerebral artery occlusion stroke; TTG,
triphenyltetrazolium chloride; VEGF, Vascular
Endothelial Growth Factor.

GSK360A, as a potential strategy for pre-surgical use to reduce brain injury and functional
decline due to surgery-related cerebral injury.

Introduction

A short duration of ischemia (i.e., ischemic preconditioning; IP) can provide significant brain
protection to subsequent long-duration ischemia (i.e., termed ischemic tolerance; IT). Thus,
injurious stimuli applied to an organ below its injury threshold can activate endogenous pro-
tective mechanisms that involve newly expressed protective proteins [1-9]. IP induced IT has
been shown in the human nervous system and heart [10, 11] suggesting that we can capture
these endogenous neuroprotective mechanisms for use to protect the brain and heart in surgi-
cal patients. A major mechanism for IP-induced IT is signaling that occurs via the increased
activity of hypoxia inducible factor (HIF), a master regulator of oxygen homeostasis. For
example, HIF-1o is required for IP, and a partial HIF-1o: deficiency in heterozygote knockout
mice leads to complete loss of IP-induced cardioprotection [12]. The breadth and depth of
inducing this “IP-like” protective signaling has been suggested to offer new opportunities for
stroke therapeutic intervention in the face of much pessimism over many failed clinical stroke
trials [13, 14]. In any event, the HIF signaling pathway is now well-defined and provides
opportunities to use chemical agents/drugs that stimulate this endogenous protective pathway.

There is significant enthusiasm for translational success in the field of pharmacologic pre-
conditioning by targeting the HIF system [2-4, 15-20]. A basic depiction of the HIF system is
provided in Fig 1. Briefly, HIF expression consists of inducible HIF-1o and constitutive HIF-
1P subunits. HIF-a is a biochemical oxygen (O,) sensor and is hydroxylated by a family of
hydroxylase enzymes. The inhibition of hydroxylation by directly inhibiting these hydroxylase
enzymes produces HIF-1o binding to HIF-1p and results in HIF-transcriptional activation.
These events are similar to mild ischemic/hypoxia stress that can be used as a sub-threshold
injury preconditioning stimuli that will produce subsequent prolonged cell, tissue and/or
organ protection from a subsequent more severe ischemic stress [4].

The initiation of these complex transcript programs through HIF is thought to be crucial
for cell adaptation and survival in hypoxic environments. Inhibition of HIF prolyl hydroxylase
domain (PHD) enzymes results in activation of HIF and mimics, in large part, the effects of
hypoxic/ischemic preconditioning. Endogenously produced erythropoietin (EPO), a transcript
and protein up-regulated by HIF signaling, is an essential mediator of ischemic precondition-
ing and has been identified previously in ischemic tolerant neurons and astrocytes [7, 21-24].
Thus, PHD inhibition could be useful in the treatment of stroke and in other conditions like
surgery that can result in post-surgery behavioral/cognitive deficits. Compounds that inhibit
PHD, albeit non-selectively, already have demonstrated promising results in preclinical mod-
els [17, 20, 25]. HIF-1o adaptive-protective responses have been demonstrated in hypoxic or
ischemic conditions in the brain [26], kidney [27] and heart [28]. HIF transcriptional activa-
tion includes genes involved in oxygen transport such as EPO [29], angiogenesis such as vascu-
lar endothelial growth factor (VEGF) [30], pH regulation [31], energy metabolism such as the
glucose transporter -1 (GLUT1) [32], nitric oxide generation [33], and cell motility such as
hepatocyte growth factor/scatter factor and its receptor c-Met [34]. More specifically,
increased HIF transcriptional activity up-regulates genes and proteins involved in organ pro-
tection and cellular proliferation including: erythropoiesis, inflammation and cellular protec-
tion (e.g., EPO), angiogenesis (e.g., VEGF), cellular survival and anti-oxidative stress (e.g.,
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The Hypoxia Inducible Factor (HIF) System: Regulation by Prolyl-4-Hydroxylase (PHD)
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Fig 1. Hypoxia-inducible factors (HIFs) are transcription factors that respond to changes in
environmental oxygen. Three HIF prolyl-4-hydroxylases (PHDs) and one HIF asparaginyl hydroxylase
(factor inhibiting HIF; FIH) act as oxygen (O2) sensors by regulating the hydroxylation of HIF-a, which controls
the stability and transcriptional activity of the HIF system. In this schematic, under Normoxia hydroxylases
utilize oxygen as a co-substrate to catalyzing hydroxylation of a specific proline (P via PHDs) and a specific
asparaginyl (N; via FIH) amino acid residues on HIF-a. Proline hydroxylation by PHD marks HIF for
degradation (i.e., specifically ubiquitination (UB) occurs by VHLES3 ubiquitin ligase (VHL) binding and then
rapid degradation by the ubiquitin—proteasome pathway occurs). Hydroxylation at a conserved asparaginyl
residue in the HIF-a carboxy-terminal activation domain also blocks interaction with the CBP/p300
transcriptional co-activator required for binding to HIF-a and to DNA. Thus, in normoxia HIF-a is degraded and
“Transcriptional Repression” of the HIF system occurs. Under Hypoxia PHDs and FIH are inhibited. Without
the binding of VHL to non-hydroxylated HIF-a, HIF-a is not degraded. The coactivator CBP/p300 does bind to
non-hydroxylated HIF-a that then binds to HIF-3 and then to DNA resulting in HIF system “Transcriptional
Activation”, which further up-regulates the expression of a large array of target genes. These increased target
genes increase protein expressions and cellular processes that result in red blood cell production (e.g.,
erythropoietin; EPO), angiogenesis (e.g., vascular endothelial growth factor; VEGF), free radical scavenging
and stem cell homing and differentiation. GSK360A mimics hypoxia by inhibiting PHDs and producing HIF
transcriptional activation and the upregulation of EPO and VEGF target genes and EPO and VEGF protein
synthesis. This schematic was modified from Schofield and Ratcliffe, 2004 [71].

https://doi.org/10.1371/journal.pone.0184049.g001

heme oxygenase; HO-1), energy metabolism (e.g., pyruvate dehydrogenase kinase; PDK-1)
and endothelial nitric oxide synthase [16-18, 35, 36]. Hypoxia or HIF transcriptional activa-
tion produces significant protection from focal cerebral ischemia with an increased expression
of HIF and its target genes, EPO and VEGF [26]. Increased HIF-1a: transcriptional activation
has been shown to prevent oxidative cellular death in vitro and ischemic injury in vivo [25].
Fig 1 illustrates how PHD can reduce HIF degradation and increases HIF-induced tran-
scription activity. GSK360A is a novel, orally active PHD inhibitor that increases HIF-1o sig-
naling. The chemical structure and the enzymatic and cellular activity of GSK360A are
presented in S1 Fig (as summarized from our previous work; 37). GSK360A is a potent inhibi-
tor of HIF-PHDs (PHD1>PHD2 ~ PHD?3) and capable of activating the HIF-1a pathway in a
variety of cell types including neonatal rat ventricular myocytes and HOC2 cells. GSK360A is
significantly orally active and has demonstrated significant efficacy in protecting the failing
heart [37]. The effects of selective PHD inhibition using GSK360A on brain protection in cere-
bral ischemia is unknown. Because GSK360A chemically activates the HIF system by its inhibi-
tion of PHD, we hypothesized that its administration prior to cerebral ischemia surgery would
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provide a significant and beneficial brain protective strategy for use prior to surgery. Again,
such a pre-surgical protective strategy could be applied to protect the brain under surgical con-
ditions that carry significantly increased risk for post-surgical neurological and cognitive defi-
cits [38-41].

In the present study we examined this “PHD inhibition—HIF activation and brain protec-
tion strategy” in a rat model of ischemic stroke. A validated dose regimen of GSK360A was
administered that activates HIF, increases the downstream expression of transcripts that result
in increased protective proteins prior to producing stroke. This GSK360A dose regiment pro-
tected the brain from post-stroke injury and significantly reduced neurobehavioral deficits. In
doing this, we demonstrate that GSK360A activates HIF transcription as seen in ischemic tol-
erance to result in brain protection and improved sensory, motor and cognitive outcomes.

Materials and methods
Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health as well as the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines for animal research. The exper-
imental, behavioral and surgical protocol for this research was approved by the SUNY Down-
state Institutional Animal Care and Use Committee (IACUC) under IACUC Protocol
Number 06-308-10. All surgery was done under deep isoflurane anesthesia. Euthanasia was
performed using an overdose of pentobarbital-containing euthanasia solution (e.g., Fatal-Plus)
followed by cervical dislocation and decapitation. Blood for plasma, the whole forebrain or
ischemic and control forebrain hemispheres, and the kidneys were removed and processed for
endpoint measurements as described below. All efforts were made to minimize or eliminate
animal suffering.

Animals

Male Sprague-Dawley rats weighing 300 to 350 g from Charles River Laboratories (Wilming-
ton, MA), were housed in pairs under controlled laboratory conditions (e.g., 12 h light/dark
cycle, controlled temperature and humidity, ad lib access to food and water). The rats were
randomly assigned into different studies and groups that included pilot pharmacokinetic and
pharmacodynamic measurements, and transient middle cerebral artery (tMCAO; stroke)
experimental measurements of sensory-motor neurological deficits, cognitive performance,
brain infarcts/injury and changes in major HIF related transcripts and proteins. In total
approximately 100 rats were used for all studies presented here. The detailed experimental
design is depicted in Fig 2, and followed the ARRIVE (Animals in Research: Reporting In Vivo
Experiments) guidelines (http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.
1000412).

Pilot pharmacokinetics—Major organ tissue distribution of oral
GSK360A: Plasma, kidney and brain

Analysis of male rat plasma and of brain and kidney homogenate samples collected at 5 and 24
hours after the optimum oral cardioprotective dose (30 mg/Kg; [37]) of GSK360A was per-
formed using liquid chromatography/tandem mass spectrometric (LC/MS/MS) detection. All
control group samples were prepared and homogenized prior to any tissues from experimental
group samples to avoid cross-contamination. Plasma, brain, and kidney samples (30 uL) were
treated with the addition of 120 uL of acetonitrile that contained an appropriate mass spectral
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Fig 2. Overall schematic of basic experimental studies and designs. Two-pretreatments of GSK360A (30mg/kg) at 18 hours and
1 hour prior the experiment was administrated orally. (A) Pilot pharmacokinetic and pharmacodynamic tests including plasma, kidney
and brain GSK360A levels and blood EPO and VEGF levels were measured 5 and 24 hours after and data were presented in Figs 3
and 4. (B) Ischemic stroke was induced by tMCAO and GSK360A at 18 and 5 hours prior to Stroke that was produced in rats at time 0.
The effects of GSK360A on body weight, sensory-motor neurological deficits, cognitive function, biochemical changes on HIF related
protein/molecular and brain infarcts were evaluated (Figs 5-10).

https://doi.org/10.1371/journal.pone.0184049.9002

internal standard. The resulting mixture was vortex-mixed for 2 min and then centrifuged for
15 min at > 3700 x g. Analytical standards (1.0-10,000 ng/mL) were prepared similarly in rat
plasma. Five microliters of the resulting supernatants from the experimental samples and ana-
Iytical standards were injected onto a 2 x 20 mm, 2.5y, Synergi Hydro-RP analytical column
(Phenomenex, Torrance, CA) using an HTS PAL autosampler (CTC Analytics, Zwingen, Swit-
zerland). The mobile phase consisted of a gradient that transitioned linearly from 90% aqueous
formic acid (0.1%) to 100% acetonitrile over 1.7 minutes (750 uL/min flow rate). Mass spectral
analysis was conducted with a Sciex API5000 triple-quadrupole mass spectrometer (Applied
Biosystems) with negative-ion atmospheric pressure chemical ionization multiple-reaction
monitoring. A calibration curve was prepared for GSK360A in rat plasma to confirm sensitiv-
ity and linearity of the instrument response, and to quantify GSK360 concentrations in the
plasma and tissue samples. The linear analytical range for GSK360A was 1.0 to 10,000 ng/mL.
Tissue homogenate concentrations were corrected for GSK360 contained in residual plasma
in the tissue.

Pilot pharmacodynamics—GSK360A effects on plasma EPO and VEGF
levels

Circulating levels of EPO and VEGFua proteins were measured at 5 and 24 hours after the opti-
mum dose of GSK360A [37] or Vehicle was administered. Measurements were made using the
Mouse/Rat Hypoxia Serum/Plasma Kit (Meso Scale Discovery, Maryland, catalog #K15123C-
1). The assay was performed according to manufacturer’s protocol.

Transient MCAOQ ischemic stroke surgery and G360A oral administration

Rats were subjected to surgical stroke [42]. Briefly, under isoflurane anesthesia a 3-0 monofila-
ment suture (Ethicon, Somerville, NJ) coated with poly-L-lysine with heat-blunted tip was
inserted through left external carotid artery and into the left internal carotid artery and then
advanced to occlude the origin of left MCA 18 to 20 mm from the bifurcation of common
carotid artery. After 2 hours of left MCAO, rats were re-anesthetized with isoflurane and the
intraluminal filament was removed and blood flow to the MCA was restored. Sham groups
were subjected to the same procedure but without occluding the MCA. Vehicle (1% Methyl
cellulose) or GSK360A (30 mg/kg) was administered to each group of rats by oral gavage (5
ml/kg) at 18 and 5 hours prior to stroke (i.e., based on the pharmacokinetic and pharmacody-
namic data; see below). Body temperature was continuously maintained at 37.0 + 0.5°C using
a water heat therapy pump exchange system (HTP-1500, Hallowell EMC, Pittsfield, MA) dur-
ing surgery and carefully controlled until animals completely recover from anesthesia and dis-
play normal motor activity in their living cages following surgery.

Sensory-motor neurological deficit scores

Modified neurologic severity score (mNSS). The mNSS measurements were performed
just prior to surgery and at 5 hours, day 1, and at 1 and 3 weeks after stroke [42, 43] in order to
grade post-stroke sensory-motor neurologic deficits. The total score was calculated from
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individual deficit tests that make up the mNSS which is scaled from 0 to 18 with 0 as normal
and the maximal deficit score of18 reflecting the combined sensorimotor, beam balance and
reflex-abnormal movement functions [42, 43]. In addition to the total mNSS measure, the
Beam Balance component also was analyzed and presented graphically for more detailed
investigation into these deficits as done previously [43]. For the Beam Balance Component,
rats were placed on a 1 inch-width beam for 60 seconds. A normal response is balance with
steady posture for 60 seconds (a score of 0). Deficits are scored if the rat: grasps the side of the
beam (a score of 1), hugs the beam and 1 limb falls down from beam (a score of 2), hugs the
beam and 2 limb falls off the beam (a score of 3), attempts to balance on beam but falls off
from 40-59 seconds (a score of 4), attempts to balance on beam but falls off from 20-39 sec-
onds (a score of 5), or falls off with no attempt to balance or hang on beam in 20 seconds (a
score of 6).

Foot fault test. Rats were tested at 5 hours, day 1, and at 1 and 3 weeks after stroke for
forelimb movement dysfunction while walking on elevated metal grids with randomly missing
support bars. The horizontal grids were 85.5x26.5x20 cm3 with a glass enclosure for observa-
tion. With each weight-bearing step, the forelimb can fall or slip between the metal support
bars, which was recorded as a foot fault. The total number of forelimb steps and the total num-
ber of foot faults were recorded. The percentage of forelimb foot faults to total steps that
occurred within 2 minutes was calculated [43, 44].

Hind limb placing test. The hind limb placing test was also performed at 5 hours, day 1,
and at 1 and 3 weeks after stroke. Hind limb placement is a proprioceptive response to limb
manipulation. Rats were positioned facing away from the edge of a table with the hind limb
contralateral to stroke pulled down and away from the table edge. The ability to retrieve and
place the hind limb back onto the table was scored. Immediate and complete limb retrieval
was scored 0, delayed (>2 seconds) limb retrieval and/or interspersed flailing was scored 1,
and no limb retrieval was scored 2 [43, 45].

Active place avoidance learning (APA). APA as described previously [43] was performed
on a single day 3 weeks after stroke and consisted of seven ten-minute trials (each trial sepa-
rated by 10-minute rest period) on a slowly rotating circular behavioral arena (82-cm diameter
metal disc and a 40-cm high transparent wall rotating at 1 revolution/min). The arena was
placed in a cylinder-shaped enclosure using a black ceiling-to-floor curtain with prominent
visual landmarks inside. Briefly, after a 10 minute exploration period in the arena, the experi-
menter started running a spot-tracker computer program (BioSignal Group, Brooklyn, NY)
which, upon rats entrance into a 60 degree shock zone, would deliver a mild foot shock by
passing a constant current (0.3 mA, 60 Hz, 500 ms) through a cable connected to the rat. Dur-
ing each trial, a computer controlled infrared Firewire camera mounted 1.2 m above the arena
recorded movement of the rat on the arena. Thus, the rat entrance into the stationary shock
zone area on the arena (an invisible 60° stationary quadrant on the arena) resulted in nega-
tively reinforcement that needed to be avoided by the rats. The numbers of negative reinforce-
ments (shocks) in each 10 min trial indicates errors in learning performance and were used as
the measurement of active place avoidance learning performance. The total path distance the
rats traveled in each trail was also measured as the degree of motor activity during these learn-
ing trials [46].

Measurement of brain infarction

To stain the forebrain, 2, 3, 5-triphenyltetrazolium chloride (TTC) was used to measure
stroke-induced brain infarctions as described previously [42, 43, 46, 47]. Briefly, brains were
removed 4 weeks after stroke and the forebrains were cut into seven 2 mm-thick coronal
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sections using a brain matrix. These brain sections were immersed in 1% TTC (Sigma-Aldrich,
St. Louis, MO) for 20 minutes. After scanning, the image was analyzed and calculated using an
image analyzing system IMAGE ] 1.37v (NIH, Bethesda, MD) by an observer who was blinded
to the study. Original total post-stroke left hemispheric infarcts were determined from the
hemispheric loss after 4 weeks, and were normalized to the non-infarcted right hemisphere.
Thus, % total left hemisphere infarction over the sections was determined from the degree of
hemispheric loss at 4 weeks post-stroke normalized to the right hemisphere calculated as:

Total infarct (%)
= (right hemisphere — left hemisphere remaining after stroke) / (right hemisphere) x 100

Real-time PCR measurements of HIF-related transcripts

To obtain tissue pharmacodynamic data on GSK360A, total RNA was isolated using an
RNeasy Mini kit (Qiagen, Valencia, CA), and treated with DNase I (Qiagen) as directed by the
manufacturer. cDNA was synthesized by reverse transcription of 2 pg of total RNA using the
SuperScript III First-Strand Synthesis kit (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions. Quantitative real-time PCR was performed on StepOnePlus™ Real-
Time PCR System (Applied Biosystems Inc, Foster City, CA). Real-time PCR was performed
in a 20 pl-reaction mixture containing 10 pl of SYBR Green PCR Master Mix (Applied Biosys-
tems Inc), 2 ul of cDNA, and primer set at 0.3 uM each. The primers were designed using
Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) as following:
18S rRNA, ACC GCGGTT CTA TTT TGT TG and CCC TCT TAA TCA TGG CCT CA; EPO, CAC
GAA GCC ATG AAG ACA GA and GGC TGT TGC CAG TGG TAT TT and VEGF, GCC CTG AGT
CAA GAG GAC AG and CAG GCT CCT GAT TCT TCC AG. The amplification consisted of one
cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60°C for 60 s. Serial dilu-
tions of sample cDNA were used to obtain a calibration curve. The individual target was quan-
tified by determination of the cycle threshold (Ct) and by use of calibration curves. At the end
of amplification, the specificity of the PCR was confirmed by melting temperature. The relative
amount of the target was normalized with 18S rRNA and expressed as arbitrary units [48].

Statistical analysis

All data were expressed as means + SEM. For comparison between multiple groups, statistical
analyses were performed using two-way analysis of variances followed by post hoc analyses
using Bonferroni procedure for multiple comparisons. For comparison between only two
groups, t-tests were used. Differences between groups were considered significant if p< 0.05.
Although parametric statistics were appropriate and used for these data, non-parametric
ANOVAs or Mann-Whitney U-tests were also performed and both produced identical results.

Results
GSK360A pharmacokinetics (Pilot PK) and organ penetration

In order to test our hypothesis, we first needed to better characterize the optimum GSK360A
“dose-regimen” used previously in heart failure [37] for pharmacokinetic and pharma-
codynamic changes over time to validate its use in the present shorter-term stroke study. Phar-
macokinetic distributions in major organ tissues (i.e., from plasma to kidney and brain
penetration) and pharmacodynamic plasma protein changes (e.g., HIF-driven transcripts;
EPO and VEGF) were measured. Thus, we collected the data that demonstrated GSK360A
produced adequate HIF transcriptional activation with appropriate timing to cover our
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Limited GSK360A Oral Pharmacokinetic with Kidney and Brain Penetration
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Fig 3. The blood plasma, kidney, and brain concentration levels (ng/ml) of GSK360A presented for 5
and 24 hours after GSK360A (30 mg/kg) was administered orally by gavage. Adequate plasma and
peripheral end-organ levels were achieved as also cross-validated by our previous plasma data (37). N=2
rats per measurement; corroborated by previous data [37].

https://doi.org/10.1371/journal.pone.0184049.g003

experimental stroke condition both prior to and at the time of stroke surgery. After an oral
dose of 30 mg/kg of GSK360, the drug was readily absorbed into the circulation and the drug
level in plasma reached 7734 ng/ml (22.2 uM) 5 hours after dosing and 2629 ng/ml (7.5 uM)
24 hours after dosing (Fig 3), as corroborated by our previous PK data (37). The compound
was distributed to kidney with concentrations of 3956 ng/ml (about 11.4 uM) and 1172 ng/ml
(about 3.7 uM) at 5 hours and 24 hours after dosing, respectively. However, exposure in the
brain was much less than plasma and kidney. Brain levels only reached about 300 ng/ml
(about 1 uM) and 40 ng/ml (about 0.1 pM) 5 hours and 24 hours after dosing, respectively (Fig
3). These data suggest that although oral administration of GSK360A results in significant
exposure in peripheral tissues such as plasma and kidney, its brain concentration is much less.
Despite this, localized brain effects by GSK360A cannot be ruled out due to its potency (PHD
IC50s ~ 10-100 nM; See S1 Fig) as will be discussed below.

GSK360A pharmacodynamics (Pilot PD): plasma EPO and VEGF
protein levels

The oral administration of GSK360A significantly upregulated HIF-1o target EPO and VEGF
levels in rat plasma (Fig 4). A remarkable increase of plasma EPO level produced by GSK360A

Plasma Concentrations of Erythropoietin (EPO) or Vascular Endothelial
Growth Factor (VEGF) Following Oral Administration of GSK360A
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Fig 4. (A) The blood plasma levels of EPO 5 hours and 24 hours after 30 mg/kg, p.o. GSK360A
administration is presented. The GSK360A treated group had significantly higher levels of EPO compared to
vehicle group even at 24 hours after administration (e.g., >80-fold over the vehicle group for both time points).
(B) The blood plasma levels of VEGF 5 hours and 24 hours after GSK360A administration is presented.
GSKB60A treated group had significantly higher levels of VEGF at both time points compared to vehicle
group. N = 5 rats per group. Two-way ANOVA test followed by post hoc analysis using the Bonferroni
procedure for multiple comparisons; *p < 0.05 and **p < 0.001 when compared with vehicle group.

https://doi.org/10.1371/journal.pone.0184049.g004
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was observed both at 5 and 24 hours (2-3 orders of magnitude; p<0.001). A significant
increase (20-50%) in VEGF produced by GSK360A was observed at 5 and 24 hours after
administration (P < 0.05). The results of data in Figs 3 and 4 provided the basis of our decision
to dose twice (at 18 and 5 hours prior to stroke) to provide the desired pharmacokinetic and
pharmacodynamic consequence of GSK360A administration at the time of stroke. Thus, since
we verified adequate GSK360A plasma levels and end-organ levels (Fig 3) and GSK360A-
induced HIF end-organ pharmacodynamic changes (Fig 4) under these conditions (i.e., as
cross-validated with our previous data; 37), we then were satisfied that the 30 mg/kg GSK360A
exposure was adequate for testing efficacy in ischemic stroke.

Effects of stroke and G360A oral administration on body weight

Animal weights were measured one day before surgery (pre-stroke) and at 5 hours, 1 day, 1
week and 3 weeks after stroke. Stroke produced a similar non-significant transient decrease in
body weight in both vehicle and GSK360A treated groups (e.g., similar decreases of 11.6% in
vehicle and 12.4% in GSK360A groups; p > 0.05) at 1 day after stroke. There was no difference
in body weight over time (p = 0.7064) between vehicle and GSK360A (Fig 5).

Effects of G360A on neurological deficits after stroke

Stroke induces significant neurological deficits with some gradual improvement/recovery over
time as described previously [43]. In the overall mNSS and some of the individual mNSS be-
havioral components studied there were significant differences between vehicle and GSK360A
groups after stroke (Fig 6). Results of the mNSS two-way ANOVA indicated that the Group
factor (p<0.01) and the Group x Time interaction Factor was significant (p<0.0001) for
mNSS. This was also shown for mNSS motor (p<0.01), sensory (p<0.05) and beam balance
(p<0.01) components as segregated previously [43]. Post-hoc test follow-up using the

Body Weight Measured Over the Course of the Study
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=x= GSK360A

400 Oral Dosing at 18 and 5 hours
— q prior to tMCAO Stroke at 0 hours
(=2}
£
S 3504
(]
=
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Fig 5. Body weight was measured over the course of the study. Thus, 24 hours prior to tMCAO Stroke
body weight was measured and represents the “Pre” measurement. This was followed by the oral (gavage)
administration of 30mg/kg GSK360A at 18 and 5 hours prior to Stroke that was produced in rats at time 0.
Then body weight was measured at 5 hours, 1 day, 1 week and 3 weeks after stroke. No significant
differences in body weight were observed between the vehicle and the GSK360A treated groups over the
course of study. N = 8 rats per group. Two-way ANOVA test followed by post hoc analysis using the
Bonferroni procedure for multiple comparisons. There was no difference in body weight over time (p = 0.7064)
between vehicle and GSK360A groups.

https://doi.org/10.1371/journal.pone.0184049.g005
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Fig 6. The effects of GSK360A on (A) mNSS, (B) beam balance, (C) foot fault and (D) hind limb performance
at 5 hours, 1 day, 1 week and 3 weeks after stroke. GSK360A treatment significantly reduced post-stroke
deficits in all tests (ANOVA group factor for all tests p < 0.01). Additional analysis following up on the
significant (p < 0.01) group by trial interaction indicated that mMNSS was significantly decreased compared to
vehicle treatment at 1 and 3 weeks post-tMCAO stroke. Beam Balance performance, a component of the
mNSS was similarly improved by GSK360A treatment. GSK 360A also produced a significant overall
improvement in foot fault performance. Finally, GSK360A treatment produced a significant overall
improvement in hind limb deficit, and following up on the significant (p < 0.01) group by time interaction
resulted in identifying hind limb deficit score reduced compared to vehicle at 3 weeks after stroke. N = 8 rats
per group. Two-Way ANOVA, followed by post hoc analysis using the Bonferroni procedure for multiple
comparisons; *p < 0.05 when compared with vehicle groups.

https://doi.org/10.1371/journal.pone.0184049.g006

Bonferroni procedure showed that the stroke-induced increases in overall mNSS were reduced
46.5% and 63.6% (p<0.05) by GSK360A at 1 and 3 weeks, respectively, post-stroke compared
to vehicle. Moreover, the group factor was significant (p < 0.01) indicating that GSK360A
treatment also improved overall performance compared to vehicle administration in Beam
balance, foot fault and hind limb tests. In the Hind Limb test, the group x time interaction fac-
tor also was significant (p<0.05) and a follow-up using the Bonferroni procedure identified
that GSK360A provided significant improvement at 3 weeks post-stroke compared to vehicle
(p<0.05, Fig 6).

Effects of G360A on cognitive function after stroke

APA learning performance was used to evaluate cognitive learning performance (Fig 7). Stroke
resulted in a significant impairment in APA performance (e.g., the vehicle group deficit in this
present study was similar to that described previously; [43]). Rats treated with GSK360A
exhibited a significantly decreased overall number of shocks compared to vehicle group (e.g.,
group factor p<0.0001). The group x trials interaction factor was also significant (p < 0.01)
and follow-up analysis indicated GSK360A treatment resulted in significantly reduced shocks
on trials 5 and 7 (p<0.05 and p<0.01, 60 and 75%, respectively) compared to vehicle treat-
ment. Thus, GSK360A treatment decreased the number of shocks (e.g., errors) over trials,
demonstrating an improved ability of rats to learn to avoid the shocked quadrant of the rotat-
ing arena. There was no significant difference in the distance traveled during the APA trials
between the vehicle and GSK360A groups. Thus, since the total distance during each trial is
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Fig 7. Effect of GSK360A on APA learning performance 3 weeks after tMCAO stroke. (A) The Two-Way
ANOVA indicated that the group and group x trial interaction effects were significant (p < 0.01). Thus, looking
at the interaction of groups over trials, the GSK360A treated group received significantly less shocks (i.e.,
made less errors in avoiding the shock quadrant) over trials (p < 0.01). Specifically, the GSK360A treated
group received significantly less shocks in trial 5 and trial 7. (B) The effect of GSK360A was not due to
differences in rat movements during the trials, as there was no significant difference in distance traveled per
trial between the two groups. N = 8 rats per group. Two-Way ANOVA, followed by post hoc analysis using the
Bonferroni procedure for multiple comparisons; *p < 0.05 and **p < 0.01 when compared with vehicle groups.

https://doi.org/10.1371/journal.pone.0184049.g007

similar in both groups, motor deficit differences between the groups do not explain the
GSK360A improvement in cognitive performance (Fig 7).

GSK360A effects on plasma EPO and VEGF protein levels after stroke

There were significant differences between vehicle and GSK360A for EPO and VEGF levels 24
hours after tMCAO stroke (p<0.01) (Fig 8). The GSK360-induced increase in EPO was higher
24 hour post-stroke suggesting a more prolonged increase (Fig 8) then that observed without
stroke (Fig 4). VEGF increases were similar with or without stroke (compare Figs 4 and 8).
Overall, these data in the presence of stroke are consistent with the pilot PK and PD data
described above here and previously (37).

GSK360A effects on kidney EPO mRNA and brain VEGF mRNA levels
after stroke

In the kidney, GSK360A dramatically increased EPO mRNA early post-stroke as compared to
vehicle (e.g., group by time interaction factor was significant; p<0.05) (Fig 9). Specifically,
GSK360A increased kidney EPO mRNA up to 80-fold (p<0.01) by 5 hours post-tMCAO
stroke (i.e., an early induction of EPO mRNA by GSK360A) (Fig 9) that appears to contribute

Plasma Concentrations of Erythropoietin (EPO) or Vascular Endothelial
Growth Factor (VEGF) Following GSK360A administration and tMCAO Stroke
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Fig 8. GSK360A treatment significantly increased both (A) plasma EPO and (B) plasma VEGF levels 24
hours after stroke. The increase in EPO 24 hours after stroke was greater than that produced by the same
dose without stroke suggesting a more prolonged increase than without stroke as shown in Fig 4. N=8-10
rats per group. t-test; **p < 0.01 when compared with vehicle groups.

https://doi.org/10.1371/journal.pone.0184049.g008
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Kidney and Brain Tissue Concentrations of Erythropoietin (EPO) or Vascular
Endothelial Growth Factor (VEGFa) Following GSK360A administrationand tMCAO Stroke
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Fig 9. GSK360A increased kidney EPO and brain VEGF mRNA after stroke. (A) EPO mRNA in the kidney
was significantly increased by GSK360A at 5 hours post-stroke compared to vehicle group. Levels of EPO
mRNA returned to vehicle treated levels by 24 hours post-stroke.(B) VEGF mRNA in the brain ischemic
hemisphere (above) and in the non-ischemic hemisphere (not shown) was increased by GSK360A at 5 hours
and 24 hours post-stroke compared to vehicle group (p = 0.002). N = 5 rats per group. Two-Way ANOVA test,
followed by post hoc analyses using the Bonferroni procedure for multiple comparisons; **p < 0.01 when
compared with vehicle groups.

https://doi.org/10.1371/journal.pone.0184049.9009

to the prolonged elevation of plasma EPO protein as shown in Fig 8. There was a trend for
GSK360A to increase 5 hour PDK-1 and also a trend for GSK360A to increase in both vehicle
and GSK360A post-stroke HO-1 (not significant; data not shown). No differences in kidney
mRNA expression for VEGF, EGL nine homolog 2 or Stromal cell-derived factor 1 were
observed (not significant; data not shown).

In the brain ischemic hemisphere, GSK360A significantly increased VEGF subunit mRNA
(two-way ANOVA overall group factor was significant; p<0.01). At 24 hours post-stroke
VEGF mRNA increased 213% in the ischemic hemisphere compare to vehicle group (two-way
ANOVA group x time interaction effects and post hoc Bonferroni test p<0.01, Fig 9). A simi-
lar increased VEGF subunit mRNA effect was also observed in the non-ischemic hemisphere
(data not shown). Although there was a trend to increase in both vehicle and GSK360A groups
the post-stroke HO 1, and stromal cell-derived factor 1 and EPO in both hemispheres (not sig-
nificant; data not shown), there were also no significant brain changes in the mRNA expres-
sion for PDK-1 or EGL nine homolog 2 in either brain hemisphere following stroke for either
group (not significant; data not shown). Thus, orally administered GSK360A significantly
upregulated brain VEGF but did not significantly upregulate brain EPO. Apparently, the brain
protective effects of EPO under these conditions would be due to the remarkably increased
plasma EPO protein produced by GSK360A.

G360A effects on brain infarctions after transient MCAQ

Four weeks after tMCAO stroke the brain infarctions were measured using TTC staining as
described previously [48, 49]. GSK360A had decreased the hemispheric loss corresponding to
the original infarct size by 30% (p<0.05, Fig 10).

Discussion

The HIF transcription system is activated by low oxygen tension and controls a diverse range
of cellular processes including angiogenesis, erythropoiesis and cellular metabolism targeted at
increasing oxygen delivery to tissues. Prolyl hydroxylation regulation of HIF has been well-
studied. Evidence from a number of laboratories supports the notion that HIF PHD inhibition
can improve histological and functional outcomes in ischemic and hemorrhagic stroke models
[50-52]. Our major finding in this present study is that oral pretreatment of PHD inhibition
with GSK360A improved sensory, motor and cognitive functioning and reduced brain injury
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Fig 10. TTC staining of forebrain 2 mm thick sections conducted 4 weeks after tMCAO stroke (1 week
after APA testing). GSK360A treatment resulted in a 30% decrease in hemispheric loss reflecting the
decreased infarct size compared to vehicle treatment. N = 10 rats per group. t- test; *p < 0.05 when compared
with vehicle group.

https://doi.org/10.1371/journal.pone.0184049.g010

after tMCAO stroke. These effects were associated with remarkable increases in circulating
EPO and significantly increased VEGF levels.

Here we utilized pretreatment with GSK360A at 18 and 5 hours before tMCAO stroke to
test our hypothesis. The dose and times we selected were based on the pharmacokinetics and
pharmacodynamics data presented here and from our previous in vivo experience [37]. The
effects of pretreatment, however, were persistent, and improvements in neurobehavioral
effects were maintained at 3 weeks post-stroke. Several neurobehavioral measurements and
analyses were made including: mNSS, beam balance, foot fault and hind limb. The data dem-
onstrates that GSK360A significantly improves functional outcome after stroke. Moreover, the
data indicates that GSK360A improves/protects cognition and decreases learning deficits due
to brain injury in APA. For APA, rats require neither deprivation nor pre-training but rapidly
learn to avoid “negatively reinforcing mild electrical shocks” by paying attention to their posi-
tion relative to distal room landmarks on a continuously rotating arena [53]. This method has
been identified as a very sensitive measurement of mild traumatic brain injury [54] and stroke
[43]. In the present study, we show this test’s sensitivity to brain protection using GSK360A.
Using this cognitive assay, the total travel distance during each trial is measured in order to
compare and exclude the influence of altered motor function on stroke-induced deficits in
learning. There was no difference in distance traveled over learning trials between the
GSK360A and vehicle treated groups strongly suggesting that GSK360A cognitive protection/
improvement is not due to differences in ability to move in the APA environment. Stroke-
induced cognitive impairment in the rat is similar to vascular cognitive impairment or vascular
dementia observed in man due to stroke [13, 43].

TTC staining has been used to measure brain injury in this study. Four weeks after stroke,
the original infarct has been calculated as brain loss in TTC staining and the results has shown
that GSK360A significantly decreased infarctions as compared to the vehicle group, indicating
a significant protection of ischemic brain tissue. Here we show this for GSK360A both func-
tionally (e.g., dramatic improvements in a profile of neurobehavioral end-points) and histolog-
ically (e.g., reduced brain infarction). This is the first study demonstrating that pretreatment
with a selective HIF PHD inhibitor provides effective, long-term brain and behavioral protec-
tion from stroke. These results essentially support our hypothesis that pretreatment can protect
the brain from brain insults that could occur during surgery. Data in mouse stroke indicates
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that PHD inhibition in stroke is efficacious in part due to protection of the blood brain barrier
and neuronal protection [52].

GSK360A is a selective PHD inhibitor and contributes to HIF-1a stabilization and EPO
production [37]. GSK360A selectively inhibits the function of PHD which normally hydroxyl-
ates HIF-1a and targets it for degradation (Fig 1). Under PHD inhibition (i.e., similar to hyp-
oxic conditions), the post-translational modification of HIF-1o is inhibited and stabilized,
which promotes the transcriptional activation of genes, including EPO and VEGF [55]. Here
we found that GSK360A induced EPO production well above normal limits in plasma that per-
sisted 24 hours after stroke. EPO is a cytokine produced by fibroblast-like cells in the kidney.
Here, kidney EPO mRNA expression was also observed to increase much earlier (i.e., 5 hours
after tMCAO stroke). Thus the early increased kidney EPO mRNA might be responsible for
the persistently increased EPO released into plasma 24 hours later. Here we show that
increased circulating EPO can be responsible for GSK360A brain and behavioral protection.

GSK360A induced brain VEGF mRNA expression and VEGF release into the circulation.
This effect of GSK360A pretreatment was significant 24 hours after stroke. VEGF is the most
potent in vivo promoter of angiogenesis. The main angiogenesis-related functions of VEGF
include promoting endothelial cell survival, inducing their proliferation and enhancing their
migration [56]. In addition to its crucial role in angiogenesis, VEGF may be involved in several
other processes in the central nervous system, such as neural cell development, neurotrophic
and neuroprotective effects [57, 58]. A number of studies assessing the VEGF expression in
brain tissue following an acute ischemic stroke were performed on animal models [59]. VEGF
might have both neuronal and glial protective effects in addition to angiogenetic properties to
mitigate the effects of ischemia [60]. For example, inhibition of PHD can induce rapid and
transient expression of HIF-1a and downstream targets of HIF including VEGF in endothelial
and smooth muscle cells and induced endothelial cell-specific proliferation [61]. Thus,
GSK360A-induced increased VEGF levels might improve histological and functional outcome
from stroke through multiple mechanisms (e.g., exerting acute brain protection as well as later
effects to increase neuronal survival and angiogenesis) [62]. GSK360A activation of the HIF
pathway through PHD and the resulting secretion of the brain protective proteins (e.g., EPO
and VEGF) that represent mixed mechanisms of action in the treatment of ischemic disease.
Thus, EPO and VEGF apparently induce a systematic bias toward protection, repair and func-
tional recovery in ischemia [63].

HIF is a heterodimeric transcription factor that is stabilized by hypoxia or growth factors
following stroke [18, 64]. Stabilized HIF can translocate to the nucleus to bind to hypoxia
response elements in a cassette of genes that mediate adaptive responses to ischemia. Many
years of research has focused on the roles of HIF PHD inhibition and HIF-dependent and
HIF-independent pathways in neuroprotection. However, we can also expect the cellular and
molecular effects of HIF PHD inhibitors on mechanisms of brain restoration/regeneration to
be significant. Thus, PHD inhibition stimulation of recovery in chronic stroke also needs to be
investigated in the future. In fact, some data in the present work suggests that function might
improve more rapidly following GSK360A administration (e.g., note these trends in Fig 7).
Recently, it has been shown that HIF-1o binding to the Epacl promoter recruits hematopoietic
stem cells to the ischemic brain following stroke [65]. Also, HIF-1o. modified or hypoxia con-
ditioned mesenchymal or progenitor stem cells are an effective means of promoting their
regenerative capability and therapeutic potential for the treatment of ischemic stroke. These
HIF-mediated effects are mediated at least in part through VEGF/PI3K/Akt/Foxol cell protec-
tive pathways and involve angiogenesis [66-69] and may be involved in the brain and behav-
ioral effects demonstrated here.
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GSK360A oral activity and ability to penetrate and sequester in organs like the kidney is sig-
nificant. One interesting issue in the present study is the poor degree of brain penetration for
GSK360A. Although it can penetrate into the brain, its penetration is very low and apparently
its brain protection efficacy might be due, at least in large part, to peripheral EPO levels that
are achieved following GSK360A. It is important to mention that 1 uM of GSK360A exposure
in brain might still result in a local brain effect as HIF has direct cell/tissue protective mecha-
nisms that can be independent of EPO such as those on apoptosis factors—BCL2/Bax, and
SNIP3 [36]. Alternately, a clear increase in brain mRNA for VEGF was observed and thus
expected changes in the brain HIF system resulted GSK360A that could protect and restore
brain functioning as discussed above. These differential effects on HIF transcriptional changes
are difficult to understand but might be associated with brain cell types exposed to GSK360A
during brain injury [70]. For example, astrocytes having a propensity to produce VEGF might
be highly exposed due to early ischemic injury to the blood brain barrier. Clearly, in the future
we need to focus on the study of PHD inhibitors with improved brain penetration and the
results of their effects on the brain HIF system. This should be characterized and compared for
brain protection and also for their potential efficacy to: [1] protect the brain when adminis-
tered early after stroke has occurred (i.e., post-stroke rather than pre-stroke treatments), and
[2] induce restoration of impaired brain functioning later after stroke brain injury has already
occurred.

Conclusions

Here the oral pre-stroke administration of the HIF prolyl hydroxylase inhibitor GSK360A
significantly increased pharmacodynamic indices of HIF transactivation and provides brain
protection and long-term functional improvements in post-stroke neurological outcome. Ben-
eficial effects to reduce stroke-induced cognitive impairment were significant. Thus, GSK360A
use prior to surgery as a brain prophylactic strategy can be expected to reduce the probability
of post-surgical cognitive decline. Since it can protect the heart as well, such a pre-heart or pre-
brain surgery treatment is especially appealing for GSK360A.

Supporting information

S1 Fig. The chemical structure and the enzymatic and cellular activity of GSK360A.
Chemical structure of GSK360A, N-{[1-(2-cyclopropylethyl)-6-fluoro-4-hydroxy-2- oxo-1,
2-dihydro-3-quinolinyl] carbonyl} glycine is shown at the left. GSK360A one-half maximal
inhibitory concentrations (i.e., pIC50 in pM) for the 3 isolated prolyl hydroxylase (PDH)
enzyme isoforms (i.e., 1, 2 and 3) are listed. GSK360A is a potent inhibitor of HIF-PHDs
(PHD1>PHD2 =~ PHD3) with pIC50 values of 8.0, 7.0 and 6.9 respectively. In Hep3B cells,
GSK360A increased cellular EPO by 13-fold at 3 uM and VEGF by 3-fold at 1 uM. These data
are summarized from our previous work [37] in order to provide background information on
GSK360A biological activity.

(TIF)

Acknowledgments

The authors would like to acknowledge the help of all the people involved in this project and,
more specifically, to Dr. Chidinma Anyanwu who took part in the editing process.

Author Contributions

Conceptualization: Daniel M. Rosenbaum, Erding Hu, Frank C. Barone.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184049.s001
https://doi.org/10.1371/journal.pone.0184049

@° PLOS | ONE

GSK360A protects the brain from stroke

Data curation: Jin Zhou, Jie Li, Pu Qin, Katrina Rivera, John Lepore, Robert N. Willette.
Formal analysis: Jin Zhou, Jie Li, Jian Zhuang, Carrie Poon.

Funding acquisition: Daniel M. Rosenbaum, Erding Hu, Frank C. Barone.
Investigation: Jin Zhou, Jie Li, Frank C. Barone.

Methodology: Jie Li, Jian Zhuang, Carrie Poon, Pu Qin, Katrina Rivera, John Lepore, Robert
N. Willette, Erding Hu.

Software: Jian Zhuang.

Supervision: Daniel M. Rosenbaum, Erding Hu, Frank C. Barone.
Validation: Pu Qin, Katrina Rivera, John Lepore, Robert N. Willette.
Visualization: Carrie Poon.

Writing - original draft: Jin Zhou.

Writing - review & editing: Jin Zhou, Frank C. Barone.

References

1. Barone FC, White RF, Spera PA, Ellison J, Currie RW, Wang X, et al. (1998) Ischemic preconditioning
and brain tolerance: temporal histological and functional outcomes, protein synthesis requirement, and
interleukin-1 receptor antagonist and early gene expression. Stroke 29: 1937—-1950; discussion 1950—
1931. PMID: 9731622

2. Dirnagl U, Simon RP, Hallenbeck JM (2003) Ischemic tolerance and endogenous neuroprotection.
Trends Neurosci 26: 248-254. https://doi.org/10.1016/S0166-2236(03)00071-7 PMID: 12744841

3. Dirnagl U, Becker K, Meisel A (2009) Preconditioning and tolerance against cerebral ischaemia: from
experimental strategies to clinical use. Lancet Neurol 8: 398—412. https://doi.org/10.1016/S1474-4422
(09)70054-7 PMID: 19296922

4. Barone FC (2005) Endogenous brain protection: models, gene expression, and mechanisms. Methods
Mol Med 104: 105—184. PMID: 15454667

5. Nawashiro H, Tasaki K, Ruetzler CA, Hallenbeck JM (1997) TNF-alpha pretreatment induces protective
effects against focal cerebral ischemia in mice. J Cereb Blood Flow Metab 17: 483—490. https://doi.org/
10.1097/00004647-199705000-00001 PMID: 9183285

6. Wang X, Li X, Currie RW, Willette RN, Barone FC, Feuerstein GZ. (2000) Application of real-time poly-
merase chain reaction to quantitate induced expression of interleukin-1beta mRNA in ischemic brain tol-
erance. J Neurosci Res 59: 238-246. PMID: 10650882

7. Dreixler JC, Barone FC, Shaikh AR, Du E, Roth S (2009) Mitogen-activated protein kinase p38alpha
and retinal ischemic preconditioning. Exp Eye Res 89: 782—790. https://doi.org/10.1016/j.exer.2009.
07.006 PMID: 19631642

8. Kovalska M, Kovalska L, Pavlikova M, Janickova M, Mikuskova K, Adamkov M, et al. (2012) Intracellu-
lar signaling MAPK pathway after cerebral ischemia-reperfusion injury. Neurochem Res 37: 1568—
1577. https://doi.org/10.1007/s11064-012-0752-y PMID: 22431068

9. Nishimura M, Sugino T, Nozaki K, Takagi Y, Hattori |, Hayashi J, et al. (2003) Activation of p38 kinase in
the gerbil hippocampus showing ischemic tolerance. J Cereb Blood Flow Metab 23: 1052—-1059.
https://doi.org/10.1097/01.WCB.0000084251.20114.65 PMID: 12973021

10. Etz CD, Debus ES, Mohr FW, Kélbel T (2015). First-in-man endovascular preconditioning of the para-
spinal collateral network by segmental artery coil embolization to prevent ischemic spinal cord injury. J
Thorac Cardiovasc Surg 149: 1074—1079. https://doi.org/10.1016/j.jtcvs.2014.12.025 PMID: 25906717

11. Kurapeev DI, Kabanov VO, Grebennik VK, Sheshurina TA, Dorofeykov VV, Galagudza MM, et al.
(2015) New technique of local ischemic preconditioning induction without repetitive aortic cross-clamp-
ing in cardiac surgery. J Cardiothorac Surg 10:9. Available: https://cardiothoracicsurgery.
biomedcentral.com/articles/10.1186/s13019-015-0206-0. https://doi.org/10.1186/s13019-015-0206-0
PMID: 25608502

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 17/21


http://www.ncbi.nlm.nih.gov/pubmed/9731622
https://doi.org/10.1016/S0166-2236(03)00071-7
http://www.ncbi.nlm.nih.gov/pubmed/12744841
https://doi.org/10.1016/S1474-4422(09)70054-7
https://doi.org/10.1016/S1474-4422(09)70054-7
http://www.ncbi.nlm.nih.gov/pubmed/19296922
http://www.ncbi.nlm.nih.gov/pubmed/15454667
https://doi.org/10.1097/00004647-199705000-00001
https://doi.org/10.1097/00004647-199705000-00001
http://www.ncbi.nlm.nih.gov/pubmed/9183285
http://www.ncbi.nlm.nih.gov/pubmed/10650882
https://doi.org/10.1016/j.exer.2009.07.006
https://doi.org/10.1016/j.exer.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19631642
https://doi.org/10.1007/s11064-012-0752-y
http://www.ncbi.nlm.nih.gov/pubmed/22431068
https://doi.org/10.1097/01.WCB.0000084251.20114.65
http://www.ncbi.nlm.nih.gov/pubmed/12973021
https://doi.org/10.1016/j.jtcvs.2014.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25906717
https://cardiothoracicsurgery.biomedcentral.com/articles/10.1186/s13019-015-0206-0
https://cardiothoracicsurgery.biomedcentral.com/articles/10.1186/s13019-015-0206-0
https://doi.org/10.1186/s13019-015-0206-0
http://www.ncbi.nlm.nih.gov/pubmed/25608502
https://doi.org/10.1371/journal.pone.0184049

@° PLOS | ONE

GSK360A protects the brain from stroke

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Cai Z, Zhong H, Bosch-Marce M, Fox-Talbot K, Wang L, Wei C, et al.(2008) Complete loss of ischaemic
preconditioning-induced cardioprotection in mice with partial deficiency of HIF-1 alpha. Cardiovasc Res
77:463—-470. https://doi.org/10.1093/cvr/cvm035 PMID: 18006459

Barone FC (2010) Post-stroke pharmacological intervention: promoting brain recovery from injury in the
future. Neuropharmacology 59: 650-653. https://doi.org/10.1016/j.neuropharm.2010.08.016 PMID:
20804774

Kahle MP, Bix GJ (2012) Successfully Climbing the "STAIRs": Surmounting Failed Translation of Exper-
imental Ischemic Stroke Treatments. Stroke Res Treat 2012: 374098. https://doi.org/10.1155/2012/
374098 PMID: 23326759

Gidday JM (2006) Cerebral preconditioning and ischaemic tolerance. Nat Rev Neurosci 7: 437-448.
https://doi.org/10.1038/nr1927 PMID: 16715053

Gidday JM (2010) Pharmacologic preconditioning: translating the promise. Transl Stroke Res 1: 19—
30. https://doi.org/10.1007/s12975-010-0011-y PMID: 21197121

Harten SK, Ashcroft M, Maxwell PH (2010) Prolyl hydroxylase domain inhibitors: a route to HIF activa-
tion and neuroprotection. Antioxid Redox Signal 12: 459-480. https://doi.org/10.1089/ars.2009.2870
PMID: 19737089

Ratan RR, Siddig A, Aminova L, Lange PS, Langley B, Ayoub |, et al. (2004) Translation of ischemic
preconditioning to the patient: prolyl hydroxylase inhibition and hypoxia inducible factor-1 as novel tar-
gets for stroke therapy. Stroke 35: 2687—2689. https://doi.org/10.1161/01.STR.0000143216.85349.9¢
PMID: 15472113

Ratan RR, Siddiq A, Smirnova N, Karpisheva K, Haskew-Layton R, McConoughey S, et al. (2007) Har-
nessing hypoxic adaptation to prevent, treat, and repair stroke. J Mol Med (Berl) 85: 1331-1338.

Umschweif G, Alexandrovich AG, Trembovler V, Horowitz M, Shohami E (2013) Hypoxia-inducible fac-
tor 1 is essential for spontaneous recovery from traumatic brain injury and is a key mediator of heat
acclimation induced neuroprotection. J Cereb Blood Flow Metab 33: 524-531. https://doi.org/10.1038/
jcbfm.2012.193 PMID: 23281425

Bernaudin M, Tang Y, Reilly M, Petit E, Sharp FR (2002) Brain genomic response following hypoxia
and re-oxygenation in the neonatal rat. Identification of genes that might contribute to hypoxia-induced
ischemic tolerance. J Biol Chem 277: 39728-39738. https://doi.org/10.1074/jbc.M204619200 PMID:
12145288

Malhotra S, Savitz Sl, Ocava L, Rosenbaum DM (2006) Ischemic preconditioning is mediated by eryth-
ropoietin through PI-3 kinase signaling in an animal model of transient ischemic attack. J Neurosci Res
83: 19-27. https://doi.org/10.1002/jnr.20705 PMID: 16307446

Ruscher K, Freyer D, Karsch M, Isaev N, Megow D, Sawitzki B, et al. (2002) Erythropoietin is a para-
crine mediator of ischemic tolerance in the brain: evidence from an in vitro model. J Neurosci 22:
10291-10301. PMID: 12451129

Prass K, Scharff A, Ruscher K, Lowl D, Muselmann C, Victorov |, et al. (2003) Hypoxia-induced stroke
tolerance in the mouse is mediated by erythropoietin. Stroke 34: 1981-1986. https://doi.org/10.1161/
01.STR.0000080381.76409.B2 PMID: 12829864

Siddig A, Ayoub IA, Chavez JC, Aminova L, Shah S, LaManna JC, et al. (2005) Hypoxia-inducible factor
prolyl 4-hydroxylase inhibition. A target for neuroprotection in the central nervous system. J Biol Chem
280: 41732—-41743. https://doi.org/10.1074/jbc.M504963200 PMID: 16227210

Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit E, Schumann-Bard P. (2002) Normobaric
hypoxia induces tolerance to focal permanent cerebral ischemia in association with an increased
expression of hypoxia-inducible factor-1 and its target genes, erythropoietin and VEGF, in the adult
mouse brain. J Cereb Blood Flow Metab 22: 393—403. https://doi.org/10.1097/00004647-200204000-
00003 PMID: 11919510

Yeh CH, Hsu SP, Yang CC, Chien CT, Wang NP (2010) Hypoxic preconditioning reinforces HIF-alpha-
dependent HSP70 signaling to reduce ischemic renal failure-induced renal tubular apoptosis and autop-
hagy. Life Sci 86: 115-123. hitps://doi.org/10.1016/j.1fs.2009.11.022 PMID: 19962996

Cai Z, Manalo DJ, Wei G, Rodriguez ER, Fox-Talbot K, Lu H, et al. (2003) Hearts from rodents exposed
to intermittent hypoxia or erythropoietin are protected against ischemia-reperfusion injury. Circulation
108: 79-85. https://doi.org/10.1161/01.CIR.0000078635.89229.8A PMID: 12796124

Fandrey J (2004) Oxygen-dependent and tissue-specific regulation of erythropoietin gene expression.
Am J Physiol Regul Integr Comp Physiol 286: R977-988. https://doi.org/10.1152/ajpregu.00577.2003
PMID: 15142852

Ban HS, Uno M, Nakamura H (2010) Suppression of hypoxia-induced HIF-1alpha accumulation by
VEGFR inhibitors: Different profiles of AAL993 versus SU5416 and KRN633. Cancer Lett 296: 17—-26.
https://doi.org/10.1016/j.canlet.2010.03.010 PMID: 20378243

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 18/21


https://doi.org/10.1093/cvr/cvm035
http://www.ncbi.nlm.nih.gov/pubmed/18006459
https://doi.org/10.1016/j.neuropharm.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20804774
https://doi.org/10.1155/2012/374098
https://doi.org/10.1155/2012/374098
http://www.ncbi.nlm.nih.gov/pubmed/23326759
https://doi.org/10.1038/nrn1927
http://www.ncbi.nlm.nih.gov/pubmed/16715053
https://doi.org/10.1007/s12975-010-0011-y
http://www.ncbi.nlm.nih.gov/pubmed/21197121
https://doi.org/10.1089/ars.2009.2870
http://www.ncbi.nlm.nih.gov/pubmed/19737089
https://doi.org/10.1161/01.STR.0000143216.85349.9e
http://www.ncbi.nlm.nih.gov/pubmed/15472113
https://doi.org/10.1038/jcbfm.2012.193
https://doi.org/10.1038/jcbfm.2012.193
http://www.ncbi.nlm.nih.gov/pubmed/23281425
https://doi.org/10.1074/jbc.M204619200
http://www.ncbi.nlm.nih.gov/pubmed/12145288
https://doi.org/10.1002/jnr.20705
http://www.ncbi.nlm.nih.gov/pubmed/16307446
http://www.ncbi.nlm.nih.gov/pubmed/12451129
https://doi.org/10.1161/01.STR.0000080381.76409.B2
https://doi.org/10.1161/01.STR.0000080381.76409.B2
http://www.ncbi.nlm.nih.gov/pubmed/12829864
https://doi.org/10.1074/jbc.M504963200
http://www.ncbi.nlm.nih.gov/pubmed/16227210
https://doi.org/10.1097/00004647-200204000-00003
https://doi.org/10.1097/00004647-200204000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11919510
https://doi.org/10.1016/j.lfs.2009.11.022
http://www.ncbi.nlm.nih.gov/pubmed/19962996
https://doi.org/10.1161/01.CIR.0000078635.89229.8A
http://www.ncbi.nlm.nih.gov/pubmed/12796124
https://doi.org/10.1152/ajpregu.00577.2003
http://www.ncbi.nlm.nih.gov/pubmed/15142852
https://doi.org/10.1016/j.canlet.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20378243
https://doi.org/10.1371/journal.pone.0184049

@° PLOS | ONE

GSK360A protects the brain from stroke

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

van den Beucken T, Koritzinsky M, Niessen H, Dubois L, Savelkouls K, Mujcic H, et al. (2009) Hypoxia-
induced expression of carbonic anhydrase 9 is dependent on the unfolded protein response. J Biol
Chem 284: 24204-24212. https://doi.org/10.1074/jbc.M109.006510 PMID: 19564335

Chen C, Pore N, Behrooz A, Ismail-Beigi F, Maity A (2001) Regulation of glut1 mRNA by hypoxia-induc-
ible factor-1. Interaction between H-ras and hypoxia. J Biol Chem 276: 9519-9525. https://doi.org/10.
1074/jbc.M010144200 PMID: 11120745

Jung F, Palmer LA, Zhou N, Johns RA (2000) Hypoxic regulation of inducible nitric oxide synthase via
hypoxia inducible factor-1 in cardiac myocytes. Circ Res 86: 319-325. PMID: 10679484

Eckerich C, Zapf S, Fillbrandt R, Loges S, Westphal M, Lamszus K. (2007) Hypoxia can induce c-Met
expression in glioma cells and enhance SF/HGF-induced cell migration. Int J Cancer 121: 276-283.
https://doi.org/10.1002/ijc.22679 PMID: 17372907

Ogle ME, Gu X, Espinera AR, Wei L (2012) Inhibition of prolyl hydroxylases by dimethyloxaloylglycine
after stroke reduces ischemic brain injury and requires hypoxia inducible factor-1alpha. Neurobiol Dis
45: 733-742. https://doi.org/10.1016/j.nbd.2011.10.020 PMID: 22061780

Chen C, Hu Q, Yan J, Yang X, Shi X, Lei J, et al. (2009) Early inhibition of HIF-1alpha with small interfer-
ing RNA reduces ischemic-reperfused brain injury in rats. Neurobiol Dis 33: 509-517. https://doi.org/
10.1016/j.nbd.2008.12.010 PMID: 19166937

Bao W, Qin P, Needle S, Erickson-Miller CL, Duffy KJ, Ariazi JL, et al. (2010) Chronic inhibition of hyp-

oxia-inducible factor prolyl 4-hydroxylase improves ventricular performance, remodeling, and vascular-
ity after myocardial infarction in the rat. J Cardiovasc Pharmacol 56: 147—155. https://doi.org/10.1097/
FJC.0b013e3181e2bfef PMID: 20714241

Bartels K, McDonagh DL, Newman MF, Mathew JP (2013) Neurocognitive outcomes after cardiac sur-
gery. Curr Opin Anaesthesiol 26: 91-97. https://doi.org/10.1097/ACO.0b013e32835bf24¢c PMID:
23235523

Ghoneim MM, Block RI (2012) Clinical, methodological and theoretical issues in the assessment of cog-
nition after anaesthesia and surgery: a review. Eur J Anaesthesiol 29: 409—422. https://doi.org/10.
1097/EJA.0b013e328356bd6e PMID: 22828386

Troen AM, Scott TM, D’Anci KE, Moorthy D, Dobson B, Rogers G, et al. (2012) Cognitive dysfunction
and depression in adult kidney transplant recipients: baseline findings from the FAVORIT Ancillary Cog-
nitive Trial (FACT). J Ren Nutr 22: 268-276 €261-263. https://doi.org/10.1053/}.jrn.2011.07.009 PMID:
22153382

Ansaloni L, Catena F, Chattat R, Fortuna D, Franceschi C, Mascitti P, et al. (2010) Risk factors and inci-
dence of postoperative delirium in elderly patients after elective and emergency surgery. BrJ Surg 97:
273-280. https://doi.org/10.1002/bjs.6843 PMID: 20069607

Zhou J, Li J, Rosenbaum DM, Barone FC (2011) Thrombopoietin protects the brain and improves sen-
sorimotor functions: reduction of stroke-induced MMP-9 upregulation and blood-brain barrier injury. J
Cereb Blood Flow Metab 31: 924-933. https://doi.org/10.1038/jcbfm.2010.171 PMID: 20877384

Zhou J, Zhuang J, Li J, Ooi E, Bloom J, Poon C, et al. (2013) Long-term post-stroke changes include
myelin loss, specific deficits in sensory and motor behaviors and complex cognitive impairment
detected using active place avoidance. PLoS One 8: €57503. Available: http://dx.doi.org/10.1371/
journal.pone.0057503. PMID: 23505432

Ding Y, LiJ, Lai Q, Rafols JA, Luan X, Clark J, et al. (2004) Motor balance and coordination training
enhances functional outcome in rat with transient middle cerebral artery occlusion. Neuroscience 123:
667—-674. PMID: 14706778

De Ryck M, Van Reempts J, Borgers M, Wauquier A, Janssen PA (1989) Photochemical stroke model:
flunarizine prevents sensorimotor deficits after neocortical infarcts in rats. Stroke 20: 1383—-1390.
PMID: 2799870

Wesierska M, Dockery C, Fenton AA (2005) Beyond memory, navigation, and inhibition: behavioral evi-
dence for hippocampus-dependent cognitive coordination in the rat. J Neurosci 25: 2413-2419. https://
doi.org/10.1523/JNEUROSCI.3962-04.2005 PMID: 15745968

Clark RK, Lee EV, Fish CJ, White RF, Price WJ, Jonak ZL, et al. (1993) Development of tissue damage,
inflammation and resolution following stroke: an immunohistochemical and quantitative planimetric
study. Brain Res Bull 31: 565-572. PMID: 8495380

Zhou J, Ando H, Macova M, Dou J, Saavedra JM (2005) Angiotensin Il AT1 receptor blockade abolishes
brain microvascular inflammation and heat shock protein responses in hypertensive rats. J Cereb Blood
Flow Metab 25: 878-886. https://doi.org/10.1038/sj.jcbfm.9600082 PMID: 15729290

Lenhard SC, Strittmatter R, Price WJ, Chandra S, White RF, Barone FC (2008). Brain MRI and neuro-
logical deficit measurements in focal stroke: rapid throughput validated with isradipine. Pharmacology
81: 1-10. https://doi.org/10.1159/000107661 PMID: 17726342

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 19/21


https://doi.org/10.1074/jbc.M109.006510
http://www.ncbi.nlm.nih.gov/pubmed/19564335
https://doi.org/10.1074/jbc.M010144200
https://doi.org/10.1074/jbc.M010144200
http://www.ncbi.nlm.nih.gov/pubmed/11120745
http://www.ncbi.nlm.nih.gov/pubmed/10679484
https://doi.org/10.1002/ijc.22679
http://www.ncbi.nlm.nih.gov/pubmed/17372907
https://doi.org/10.1016/j.nbd.2011.10.020
http://www.ncbi.nlm.nih.gov/pubmed/22061780
https://doi.org/10.1016/j.nbd.2008.12.010
https://doi.org/10.1016/j.nbd.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19166937
https://doi.org/10.1097/FJC.0b013e3181e2bfef
https://doi.org/10.1097/FJC.0b013e3181e2bfef
http://www.ncbi.nlm.nih.gov/pubmed/20714241
https://doi.org/10.1097/ACO.0b013e32835bf24c
http://www.ncbi.nlm.nih.gov/pubmed/23235523
https://doi.org/10.1097/EJA.0b013e328356bd6e
https://doi.org/10.1097/EJA.0b013e328356bd6e
http://www.ncbi.nlm.nih.gov/pubmed/22828386
https://doi.org/10.1053/j.jrn.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22153382
https://doi.org/10.1002/bjs.6843
http://www.ncbi.nlm.nih.gov/pubmed/20069607
https://doi.org/10.1038/jcbfm.2010.171
http://www.ncbi.nlm.nih.gov/pubmed/20877384
https://doi.org/10.1371/journal.pone.0057503
https://doi.org/10.1371/journal.pone.0057503
http://www.ncbi.nlm.nih.gov/pubmed/23505432
http://www.ncbi.nlm.nih.gov/pubmed/14706778
http://www.ncbi.nlm.nih.gov/pubmed/2799870
https://doi.org/10.1523/JNEUROSCI.3962-04.2005
https://doi.org/10.1523/JNEUROSCI.3962-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15745968
http://www.ncbi.nlm.nih.gov/pubmed/8495380
https://doi.org/10.1038/sj.jcbfm.9600082
http://www.ncbi.nlm.nih.gov/pubmed/15729290
https://doi.org/10.1159/000107661
http://www.ncbi.nlm.nih.gov/pubmed/17726342
https://doi.org/10.1371/journal.pone.0184049

@° PLOS | ONE

GSK360A protects the brain from stroke

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Karuppagounder SS, Ratan RR (2012) Hypoxia-inducible factor prolyl hydroxylase inhibition: robust
new target or another big bust for stroke therapeutics? J Cereb Blood Flow Metab 32: 1347-1361.
https://doi.org/10.1038/jcbfm.2012.28 PMID: 22415525

Karuppagounder SS, Alim I, Khim SJ, Bourassa MW, Sleiman SF, John R, et al. (2016) Therapeutic tar-
geting of oxygen-sensing prolyl hydroxylases abrogates ATF4-dependent neuronal death and improves
outcomes after brain hemorrhage in several rodent models. Sci Transl Med 8: 328ra329.

Reischl S, Li L, Walkinshaw G, Flippin LA, Marti HH, Kunze R. (2014) Inhibition of HIF prolyl-4-hydroxy-
lases by FG-4497 reduces brain tissue injury and edema formation during ischemic stroke. PLoS One
9: e84767. https://doi.org/10.1371/journal.pone.0084767 PMID: 24409307

Cimadevilla JM, Fenton AA, Bures J (2000) Functional inactivation of dorsal hippocampus impairs
active place avoidance in rats. Neurosci Lett 285: 53-56. PMID: 10788706

Abdel Baki SG, Kao HY, Kelemen E, Fenton AA, Bergold PJ (2009) A hierarchy of neurobehavioral
tasks discriminates between mild and moderate brain injury in rats. Brain Res 1280: 98—106. https://
doi.org/10.1016/j.brainres.2009.05.034 PMID: 19464271

Li X, Sutherland S, Takeda K, Fong GH, Lee FS (2010) Integrity of the prolyl hydroxylase domain pro-
tein 2:erythropoietin pathway in aging mice. Blood Cells Mol Dis 45: 9—19. https://doi.org/10.1016/j.
bcmd.2010.03.003 PMID: 20400342

Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, et al. (1998) Vascular endothelial growth
factor regulates endothelial cell survival through the phosphatidylinositol 3'-kinase/Akt signal transduc-
tion pathway. Requirement for Flk-1/KDR activation. J Biol Chem 273: 30336—30343. PMID: 9804796

Virgintino D, Errede M, Robertson D, Girolamo F, Masciandaro A, Bertossi M. (2003) VEGF expression
is developmentally regulated during human brain angiogenesis. Histochem Cell Biol 119: 227-232.
https://doi.org/10.1007/s00418-003-0510-y PMID: 12649737

Jin KL, Mao XO, Greenberg DA (2000) Vascular endothelial growth factor: direct neuroprotective effect
inin vitro ischemia. Proc Natl Acad Sci U S A 97: 10242—-10247. PMID: 10963684

Marti HJ, Bernaudin M, Bellail A, Schoch H, Euler M, Petit E, et al. (2000) Hypoxia-induced vascular
endothelial growth factor expression precedes neovascularization after cerebral ischemia. Am J Pathol
156: 965-976. https://doi.org/10.1016/S0002-9440(10)64964-4 PMID: 10702412

Margaritescu O, Pirici D, Margaritescu C (2011) VEGF expression in human brain tissue after acute
ischemic stroke. Rom J Morphol Embryol 52: 1283—-1292. PMID: 22203935

Knowles HJ, Tian YM, Mole DR, Harris AL (2004) Novel mechanism of action for hydralazine: induction
of hypoxia-inducible factor-1alpha, vascular endothelial growth factor, and angiogenesis by inhibition of
prolyl hydroxylases. Circ Res 95: 162—-169. https://doi.org/10.1161/01.RES.0000134924.89412.70
PMID: 15192023

Sun'Y, Jin K, Xie L, Childs J, Mao XO, Logvinova A, et al. (2003) VEGF-induced neuroprotection, neuro-
genesis, and angiogenesis after focal cerebral ischemia. J Clin Invest 111: 1843-1851. https://doi.org/
10.1172/JCI17977 PMID: 12813020

Wang L, Zhang Z, Wang Y, Zhang R, Chopp M (2004) Treatment of stroke with erythropoietin enhances
neurogenesis and angiogenesis and improves neurological function in rats. Stroke 35: 1732-1737.
https://doi.org/10.1161/01.STR.0000132196.49028.a4 PMID: 15178821

Chavez JC, LaManna JC (2002) Activation of hypoxia-inducible factor-1 in the rat cerebral cortex after
transient global ischemia: potential role of insulin-like growth factor-1. J Neurosci 22: 8922—-8931.
PMID: 12388599

Lai TW, Lin SZ, Lee HT, Fan JR, Hsu YH, Wang HJ, et al. (2012) HIF-1alpha binding to the Epac1 pro-
moter recruits hematopoietic stem cells to the ischemic brain following stroke. J Mol Cell Biol 4: 184—
187. https://doi.org/10.1093/jmcb/mjs009 PMID: 22474076

Zhong Q, Zhou Y, Ye W, Cai T, Zhang X, Deng DY. (2012) Hypoxia-inducible factor 1-alpha-AA-modi-
fied bone marrow stem cells protect PC12 cells from hypoxia-induced apoptosis, partially through
VEGF/PI3K/Akt/FoxO1 pathway. Stem Cells Dev 21:2703-2717. https://doi.org/10.1089/scd.2011.
0604 PMID: 22468883

Wei L, Fraser JL, Lu ZY, Hu X, Yu SP (2012) Transplantation of hypoxia preconditioned bone marrow
mesenchymal stem cells enhances angiogenesis and neurogenesis after cerebral ischemia in rats.
Neurobiol Dis 46: 635-645. https://doi.org/10.1016/j.nbd.2012.03.002 PMID: 22426403

Roitbak T, Li L, Cunningham LA (2008) Neural stem/progenitor cells promote endothelial cell morpho-
genesis and protect endothelial cells against ischemia via HIF-1alpha-regulated VEGF signaling. J
Cereb Blood Flow Metab 28: 1530—1542. https://doi.org/10.1038/jcbfm.2008.38 PMID: 18478024

Wu'Y, Jin M, Xu H, Shimin Z, He S, Wang L, et al. (2010) Clinicopathologic significance of HIF-1alpha,
CXCR4, and VEGF expression in colon cancer. Clin Dev Immunol 2010.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 20/21


https://doi.org/10.1038/jcbfm.2012.28
http://www.ncbi.nlm.nih.gov/pubmed/22415525
https://doi.org/10.1371/journal.pone.0084767
http://www.ncbi.nlm.nih.gov/pubmed/24409307
http://www.ncbi.nlm.nih.gov/pubmed/10788706
https://doi.org/10.1016/j.brainres.2009.05.034
https://doi.org/10.1016/j.brainres.2009.05.034
http://www.ncbi.nlm.nih.gov/pubmed/19464271
https://doi.org/10.1016/j.bcmd.2010.03.003
https://doi.org/10.1016/j.bcmd.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20400342
http://www.ncbi.nlm.nih.gov/pubmed/9804796
https://doi.org/10.1007/s00418-003-0510-y
http://www.ncbi.nlm.nih.gov/pubmed/12649737
http://www.ncbi.nlm.nih.gov/pubmed/10963684
https://doi.org/10.1016/S0002-9440(10)64964-4
http://www.ncbi.nlm.nih.gov/pubmed/10702412
http://www.ncbi.nlm.nih.gov/pubmed/22203935
https://doi.org/10.1161/01.RES.0000134924.89412.70
http://www.ncbi.nlm.nih.gov/pubmed/15192023
https://doi.org/10.1172/JCI17977
https://doi.org/10.1172/JCI17977
http://www.ncbi.nlm.nih.gov/pubmed/12813020
https://doi.org/10.1161/01.STR.0000132196.49028.a4
http://www.ncbi.nlm.nih.gov/pubmed/15178821
http://www.ncbi.nlm.nih.gov/pubmed/12388599
https://doi.org/10.1093/jmcb/mjs009
http://www.ncbi.nlm.nih.gov/pubmed/22474076
https://doi.org/10.1089/scd.2011.0604
https://doi.org/10.1089/scd.2011.0604
http://www.ncbi.nlm.nih.gov/pubmed/22468883
https://doi.org/10.1016/j.nbd.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22426403
https://doi.org/10.1038/jcbfm.2008.38
http://www.ncbi.nlm.nih.gov/pubmed/18478024
https://doi.org/10.1371/journal.pone.0184049

o @
@ : PLOS | ONE GSKB360A protects the brain from stroke

70. Pradeep S, Nath M, Zhou J, Rosenbaum DM, Barone FC et al. (2017) Inhibiting Prolyl Hydroxylase
Induces Ischemic Preconditioning Pathways and Reduces Stroke Brain Injury. Drugs Fut 42: 215

71. Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol 5: 343—
354. https://doi.org/10.1038/nrm1366 PMID: 15122348

PLOS ONE | https://doi.org/10.1371/journal.pone.0184049  September 7, 2017 21/21


https://doi.org/10.1038/nrm1366
http://www.ncbi.nlm.nih.gov/pubmed/15122348
https://doi.org/10.1371/journal.pone.0184049

