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Abstract

In patients with stroke and neurodegenerative diseases, overactivation of poly(ADP-ribose) polymerase-1 (PARP-1) causes
harmful effects by inducing apoptosis, necrosis, neuroinflammation, and immune dysregulation. The current study investigated
the neuroprotective effect of a novel PARP-1 inhibitor, JPI-289, in an animal model of ischemic stroke. A transient middle
cerebral artery occlusion (tMCAO, 2 h) model was used to determine the therapeutic effect and the most effective dose and time
window of administration of JPI-289. We also investigated the long-term outcomes of treatment with JPI-289 by diffusion-
weighted imaging (DWI) and fluid-attenuated inversion recovery (FLAIR) MRI and by measuring neurological function at 24 h,
7 days, and 28 days after MCAO. The most effective dose and time window of administration of JPI-289 was 10 mg/kg
administered 2 h after MCAO with reperfusion. Twenty-four hours after MCAO, infarct volume was reduced by 53% and the
number of apoptotic cells was reduced by 56% compared with control. JPI-289 also reduced infarct volume by 16% in the
permanent MCAO model. In an MRI-based study, initial infarct volume, as measured using DWI, was similar in the control and
JPI-289-treated groups. However, infarct volume and brain swelling were significantly reduced in the group treated with JPI-289
(2 h) at 24 h and 7 days after MCAO. Neurological functions also improved in the group treated with JPI-289 (2 h) until 28 days
after MCAO. Inhibition of PARP-1 has neuroprotective effects (reduction of infarct volume and brain swelling) in both tMCAO
and pMCAO models of ischemic stroke.
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Stroke is the second leading cause of death and a common
cause of severe disability in adults [1]. Despite the high mortal-
ity and morbidity, treatment options for patients with ischemic
stroke remain limited. The only approved medical treatment for
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by breaking down the blood-brain barrier (BBB) and causing
hemorrhagic transformation of the ischemic brain. Therefore,
the development of new and complementary treatment strate-
gies for patients with ischemic stroke is necessary.
Neuroprotective agents have been studied widely for the
treatment of stroke, because they are known to reduce reactive
oxygen species, inhibit glutamate release, stabilize intracellular

Department of Neurology, College of Medicine, Hanyang University,
222-1 Wangsimniro, Seongdong-gu, Seoul 04763, Republic of
Korea

Department of Nuclear Medicine, College of Medicine, Hanyang
University, Seoul, Republic of Korea

Department of Radiology, College of Medicine, Hanyang University,
Seoul, Republic of Korea

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-018-0910-6&domain=pdf
http://orcid.org/0000-0002-4574-6901
mailto:kimsh1@hanyang.ac.kr
mailto:kimsh1@hanyang.ac.kr

7154

Mol Neurobiol (2018) 55:7153-7163

Ca%* levels, prevent mitochondrial collapse, and inhibit neuro-
inflammation [3]. They are also thought to have roles in pre-
serving the BBB and enhancing the therapeutic time window
of tPA [4]. Although, neuroprotective agents have yielded dis-
appointing results in the treatment of ischemic stroke in human
trials, careful preclinical assessment and appropriate design/
implementation may yield better results [5]. Therefore, clinical
trials based on early treatment at prehospital stage or combined
with recanalization therapy have been suggested as a new ap-
proach to test the effect of neuroprotective agents [5].

Poly(ADP-ribose) polymerase-1 (PARP-1) is a potential
neuroprotective target and is a member of a superfamily of
cell signaling enzymes present in eukaryotes [6]. PARP-1 is a
key regulator of nuclear processes, such as DNA repair, rep-
lication, and transcription. However, the excessive activation
of PARP-1 in a number of diverse diseases leads to the rapid
depletion of intracellular pools of nicotinamide adenine dinu-
cleotide (NAD) and adenosine triphosphate (ATP), resulting
in cellular dysfunction and cell death by necrosis and apopto-
sis [7]. The inhibition of PARP-1 after ischemic stroke is an
attractive target for inducing neuroprotection for several rea-
sons. First, following ischemic stroke, PARP-1 is activated in
most brain cell types, including neurons and non-neuronal
glial cells, and inhibition of PARP-1 might reduce tissue dam-
age by reducing apoptosis and necrosis of all cell types [8].
Second, inhibition of PARP-1 might reduce neuroinflamma-
tion, energy depletion, and caspase-independent programmed
cell death [9, 10]. Third, inhibition of PARP-1 might regulate
the adaptive immune system by the downregulation of pro-
inflammatory cytokines, inactivation of T cells and dendritic
cells, and differentiation of regulatory T cells [11]. Therefore,
multi-targeting PARP-1 inhibitors have been widely studied in
ischemic stroke model with positive results [8, 12—19].

We recently identified and developed JPI-289, a novel
PARP-1 inhibitor with strong PARP-1 inhibitory activity, and
showed that it has beneficial effects on oxygen- and glucose-
deprived rat cortical neurons through reduced PARP activity,
increased ATP and NAD+ levels, and decreased apoptosis-
related molecules such as AIF, cytochrome C, and cleaved
caspase-3 [10]. In the present study, we evaluated whether
JPI-289 has a role in protecting against brain damage in reper-
fusion animal models with or without concomitant use of tPA.
In addition, we performed diffusion-weighted image (DWI)
based randomization pilot study to reduce selection bias.

Methods
Animal Preparation and Ischemic Surgery
All animal experimental procedures were performed by the

Institutional Animal Care and Use Committee (IACUC) of
Hanyang University. Every effort was made to minimize the
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number of animals used and unnecessary animal suffering.
Male Sprague—Dawley (SD) rats, weighing 280 to 320 g, were
purchased from Koatech (Pyeongtaek, Korea). Transient mid-
dle cerebral artery occlusion (tMCAO, n = 86) was induced by
a modification of the intraluminal filament thread method, as
described previously [14, 20, 21]. Rats were anesthetized with
isoflurane (3% for induction and 2% for surgical procedure) in
a mixture of oxygen/nitrous oxide (30/70%). Body tempera-
ture was monitored during the surgery by a rectal probe and
maintained at 37 £0.5 °C with a homeothermic blanket con-
trol unit (Harvard Apparatus, UK). Each animal was placed in
the supine position, and the left external carotid artery (ECA),
internal carotid artery (ICA), and common carotid artery
(CCA) were carefully isolated via a midline neck incision. A
20-mm length of 4-0 nylon surgical suture coated with silicon
(Xantopren VL plus, Heraeus Kulzer Gmbh & Co. KG,
Hanau, Germany) was introduced through the ECA and
inserted from the ICA to occlude the origin of the left MCA.
For the model of tMCAO, each animal was re-anesthetized,
and the monofilament was pulled out to enable reperfusion at
2 h after MCAO. For the model of permanent MCAO
(pMCAO), the MCAO was maintained for 24 h before remov-
al of the monofilament (r =20). Rats displaying neurological
deficits were selected for the subsequent studies. The neuro-
logic examination used a neurologic deficit score (NDS) to
select for animal models of cerebral ischemia. The NDS com-
prised of consciousness (0, normal; 1, restless; 2, lethargic; 3,
stuporous; 4, death), gait (0, normal; 1, paw adduction; 2,
unbalanced walking; 3, circling; 4, unable to stand; 5, no
movement), limb tone (0, normal; 1, spastic; 2, flaccid), and
pain reflex (0, normal; 2, hypoactive; 4, absent) at 1 h 50 min
after MCAO by an investigator who was blind to the experi-
mental groups [22].

Determination of the Most Effective Dose and Time
Window

JPI-289 has non-hydroscopic properties and dissolves readily
in water [10]. For the dose—response experiment, JPI-289 was
dissolved in saline immediately before use and administered at
doses of 5 mg/kg (n=28), 7.5 mg/kg (n=8), or 10 mg/kg (n=
8). JPI-289 or vehicle (saline; n = 8) was administered by a
single intravenous injection into the lateral tail vein 2 h after
MCAO. All animals were euthanized on completion of the
experiment at 24 h after MCAO.

To determine the optimum therapeutic time window of ad-
ministration of JPI-289, rats were assigned to five groups. JPI-
289 (10 mg/kg) was administered into the tail vein at2 h (n =
9),8h(n=9),12h (n=9),0r 16 h (n=9) after MCAO. In the
vehicle group (n=09), vehicle was administered at 2 h after
MCAO. All animals were euthanized on completion of the
experiment at 48 h after MCAO.
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For the study of pMCAO, JPI-289 (10 mg/kg, n=10) or
vehicle (n=10) was administered by tail vein injection 2 h
after MCAO. All animals were euthanized on completion of
the experiment at 24 h after MCAO.

Infarct volume was evaluated by staining with 2,3,5-
triphenyl tetrazolium chloride (TTC), as described previously
[23]. Animals were euthanized under anesthesia, and the
brains were isolated immediately. The brains were cut into
2-mm coronal slices (+4 to —6 mm from the bregma point)
using a brain slicer and then incubated in saline containing 2%
TTC at 37 °C for 30 min and fixed in 10% neutral buffered
formalin solution. The total infarct volume was measured
using ImageJ software (NIH image, version 1.61).

TUNEL Staining

For the assessment of the number of apoptotic cells, rats were
assigned to three groups. JPI-289 (10 mg/kg) was adminis-
tered into the tail vein at either 2 h (n=3) or 8 h (n =3) after
MCADO. In the vehicle group, vehicle (n = 3) was administered
at 2 h after MCAO. At 24 h after MCAO, rats were euthanized
before the terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) labeling of apoptotic
cells. Brain tissues were embedded in paraffin and cut into
4-um-thick tissue sections. The sections were stained with a
TUNEL kit (In Situ Cell Death Detection Kit, Roche) and
colorized with 0.05% 3,3-diaminobenzidine (DAB, Sigma).
The number of TUNEL-positive cells was counted from three
random fields (400x) within the penumbra for each animal by
individuals blinded to the experiment.

Long-Term Effects of JPI-289 Measured Using
Diffusion-Weighted Imaging Fluid-Attenuated
Inversion Recovery MRI

Using our predetermined dose and therapeutic window of ad-
ministration (10 mg/kg for JPI-289; administered either 2 or
8 h after MCAO; vehicle administered 2 h after MCAOQO), we
investigated the long-term effects of JPI-289 using DWI in a
rat tMCAO model. All magnetic resonance (MR) images were
obtained using a 3-T MR machine (Achieva, Philips, Best,
The Netherlands) with a four-channel phased array coil
(mouse coil, Shanghai Chenguang Medical Technology,
Shanghai, China). The temperature of the MRI room was kept
at approximately 27 °C.

One hour after MCAQO, all rats underwent DWI (TR/TE =
4455/74 ms, slice thickness/gap = 1/1 mm, matrix = 64 x 63,
FOV =50 x 50 mm), and rats with large infarcts (> 100 mm’;
infarct volume calculations by Medical Image Processing
Analysis and Visualization (MIPAV); National Institutes of
Health, Bethesda, MD, USA) were randomized to receive
vehicle alone or treatment (10 mg/kg JPI-289, administered
either 2 or 8 h after MCAO). A total 15 rats (n=5/group)

underwent fluid-attenuated inversion recovery (FLAIR) MRI
(TR/TE/T1=11,000/77/2800 ms, slice thickness/gap =1/
1 mm; matrix = 128 x 128, FOV =50 x 50 mm) 24 h, 7 days,
or 28 days after MCAO. The infarct volume and hemisphere
volume were assessed independently using MIPAV by two
experienced radiologists (JYK, YJL) who were blinded to
the experimental design. The final infarct volume was calcu-
lated from the averages of the two measurements (DWI and
FLAIR). Brain swelling was calculated using the following
equation: [(affected hemisphere volume / unaffected hemi-
sphere volume) — 1] % 100%.

Behavioral Assessment

To evaluate the long-term neurological outcomes of treatment
with JPI-289, we investigated the repair of the neurological
deficit and survival following tMCAQ in rats (n = 17 each for
control, JPI-289 2 h, JPI-289 8 h and n =10 for sham). All
animals underwent neurobehavioral assessment for 3 days be-
fore MCAO. Functional activities were evaluated using the
NDS, rotarod test, and the modified sticky tape (MST) test.
These tests were performed 1 day before surgery (day — 1),
then 1, 3, 7, 14,21, and 28 days after MCAO (dayd 1, 3, 7, 14,
21, 28). NDS was also evaluated just before reperfusion (2 h
after MCAO) by an investigator who was blinded to the ex-
perimental groups. The distribution of rats to either JPI-289
treatment or control groups was based on pre-reperfusion
NDS. NDS was graded on a scale of 0 to 15 (normal score,
0; maximal deficit score, 15) as described previously [22].
An accelerating rotarod was used to measure the motor
coordination and balance function of rats. The rats were placed
on rungs of the accelerating rotarod, and the time the animals
remained on the rotarod was measured. Over 5 min, the speed
was slowly increased from 4 to 40 rpm, and the trial ended
when the animal fell off the rungs, gripped the device, or spun
around for two consecutive revolutions without attempting to
walk on the rungs. The animals were trained for 3 days before
MCAO. The mean duration (in seconds) on the device was
recorded with three trials on the day before surgery (day — 1).
Rotarod test data are presented as percentage of duration (three
attempts) on the rotarod compared with the internal baseline
control (before surgery) [24]. A MST test was performed to
evaluate tactile responses and functional asymmetry. A sleeve
was created using a 3.0-cm-long piece of green paper tape
(Fisher Scientific, Pittsburgh, PA, USA), with a width of
1.0 cm, which was wrapped around the forepaw of the rat so
that the tape attached to itself and the claws protrude slightly
from the sleeve formed. If attached correctly, the tape sleeve
cannot be removed. The typical response is for the rat to vig-
orously attempt to remove the sleeve by either pulling at the
tape with its mouth and/or brushing the tape with its contralat-
eral paw. When the tape was positioned correctly, the rat was
then placed in cage and observed for 30 s. Two timers were
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started: the first should run without interruption and the second
should be turned on only while the animal attempts to remove
the tape sleeve. The contralateral and ipsilateral limbs were
tested separately. The test was repeated three times per testing
day, and the best two scores of the day were averaged [25].

Embolic Focal Cerebral Ischemia Models
with Simultaneous Injection of tPA and JPI-289

An embolic focal cerebral ischemia model was induced in
male Wistar rats (n=27), weighing 180 to 220 g, by a mod-
ification of the fibrin-rich clot method, as described previously
[26]. To prepare the embolus, the femoral artery of the donor
rat was catheterized and blood was transferred directly into
20 cm of PE-50 tubing and kept for 2 h at room temperature.
The clot was subsequently refrigerated for 22 h at 4 °C prior to
use. The clot was then shifted by gentle shaking for 1 min in a
PE10 tube filled with saline. A single 2-cm clot was trans-
ferred to a thoracic jugular vein catheter (R-JVC-STD,
Braintree Scientific, Braintree, MA, USA) for injection into
the MCA. Rats were anesthetized with isoflurane in a mixture
of oxygen/nitrous oxide and their body temperature moni-
tored. The left CCA was exposed through a ventral midline
incision in the neck. The ECA, ICA, and CCA were carefully
isolated and maintained in a Y-shape using a silk suture. A
catheter tube filled with the single clot was introduced into the
ECA lumen through a small puncture. A 15 to 16-mm length
of catheter was gently advanced from the ECA into the lumen
of the ICA, and the clot in the catheter was injected into the
ICA. The catheter was withdrawn from the right ECA 5 min
after the injection, and the ECA was ligated. Rats satisfying
the criteria of neurological deficit were selected by NDS and
divided into three groups: control (n =9), tPA (10 mg/kg, n=
9), and tPA plus JPI-289 (20 mg/kg, n =9). The tPA (Actilyse;
Boehringer-Ingelheim, Biberach an der Riss, Germany) and
JPI-289 were given as a single intravenous infusion over
30 min into the lateral tail vein 1 h after embolic MCAO.
Since continuous infusion of 20 mg/kg JPI-289 was more
effective than 10 mg/kg, we used 20 mg/kg for this experi-
ment. All animals were killed on completion of the experi-
ment 24 h after embolic MCAO. Brains were collected and
sliced into six serial 2-mm coronal sections, and hemorrhage
transformation was assessed by scanning the brain slices with
subsequent image analysis [27, 28]. The slices were incubated
in phosphate-buffered saline (1x PBS) containing 2 w/v%
TTC solution and fixed in formalin, and infarct volumes were
determined by scanning the brain sections and subsequent
image analysis.

Statistical Analyses

All data are presented as mean = SEM. Non-parametric
data were compared using the Mann—Whitney U test or
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Kruskal-Wallis test. p values <0.05 were considered sta-
tistically significant. All statistical analyses were per-
formed using SPSS 19.0 software package for Windows
(SPSS, Seoul, Korea).

Results

Effect of JPI-289 on Infarct Volume in Transient
and Permanent Rat MCAO Models

Treatment with JPI-289 significantly reduced the infarct
volume by 30% at a dose of 7.5 mg/kg (p <0.05) and by
53% at a dose of 10 mg/kg (p < 0.05). In the group treated
with 5 mg/kg, the infarct volume was reduced by 22% but
did not reach statistical significance (p >0.05, Fig. 1a, b).
There were no significant differences in the mean arterial
blood pressure, cerebral blood flow, rectal temperature,
and arterial blood parameters (pH, pO,, pCO,, and hemat-
ocrit) between the vehicle- and JPI-289-treated groups
(data not shown).

To evaluate the therapeutic time window of JPI-289,
an intravenous bolus (10 mg/kg) was introduced at vari-
ous time points in a rat tMCAO model. JPI-289 reduced
the infarct volume by 37% (p <0.05) compared to the
vehicle-treated group when it was administered 2 h after
MCAO in the rat tMCAO model, and remained effective
after 8 h (22% reduction, p <0.05) and 12 h (15% reduc-
tion, p<0.05). Sixteen hours after MCAO, the infarct
volume was reduced by 11%, but this was not statistical-
ly significant (p > 0.05, Fig. 1c, d). The neuroprotective
effect of JPI-289 was also confirmed in the rat pMCAO
model. JPI-289 (10 mg/kg) reduced the total infarct vol-
ume by 16% (p<0.05) when it was administered 2 h
after the onset of MCAO in the rat pMCAO model
(Fig. 2).

Downregulation of Apoptosis Visualized by TUNEL
Staining in a Rat tMCAO Model

TUNEL staining was used to investigate the inhibitory
activity of JPI-289 on apoptosis in a rat tMCAO model.
TUNEL-positive cells were found in the penumbra region
in both control and JPI-289-treated groups. The percent-
age of TUNEL-positive cells was significantly reduced in
the group treated with JPI-289 2 h after MCAO (56%
reduction, p <0.05) compared to the vehicle-treated con-
trol group. In the group treated with JPI-289 8 h after
occlusion, however, the percentage of TUNEL-positive
cells was not significantly reduced (23% reduction,
p>0.05, Fig. 3).



Mol Neurobiol (2018) 55:7153-7163

7157

Fig. 1 Optimal therapeutic dose a
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and time window of
administration of JPI-289. JPI-
289 was injected intravenously at
doses of 5, 7.5, and 10 mg/kg 2 h
after MCAQ; infarct volume was
determined by 2,3,5-triphenyl
tetrazolium chloride (TTC) stain-
ing (n = 8/group) (a). Treatment
with 7.5 or 10 mg/kg JPI-289 re-
sulted in significantly reduced in-
farct volume (b). JPI-289 (10 mg/
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Long-Term Efficacy of JPI-289 Measured
by Diffusion-Weighted Imaging and Fluid-Attenuated
Inversion Recovery MRI

Images representative of serial MRIs after MCAO are shown
in Fig. 4a. Rats with an infarct volume greater than 100 mm?,
as determined by DWI, were randomized to receive vehicle
alone, or treatment (JPI-289 10 mg/kg administered at either 2

Fig.2 Effect of JPI-289 on infarct a

or 8 h after MCAO). At the start of the experiment, the mean
infarct volumes of the control group, the group receiving JPI-
289 2 h after MCAO, and the group receiving JPI-289 8 h after
MCAO were 197.2+61.0, 187.7+62.9, and 193.5+
52.9 mm®, respectively, with no significant difference be-
tween groups (p =0.917, Fig. 4b). FLAIR MRI at 24 h and
7 days after MCAO, however, showed that the infarct volume
was significantly reduced in the group that received JPI-289

volume in a rat permanent
MCAO model. JPI-289 (10 mg/
kg) was injected intravenously 2 h
after MCAO. a Rats were killed
24 h after MCAO, and infarct
volume was determined using
TTC staining (n = 10/group). b
The group treated with JPI-289
had a reduced infarct volume. All
data are expressed as mean +
SEM. #p <0.05 versus vehicle
group (Mann—Whitney U test)
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Fig. 3 Effect of JPI-289 on apo- a
ptosis in the penumbra of rat. JPI-
289 (10 mg/kg) was injected in-

Treatmenttime of JPI-289

travenously 2 and 8 h after
MCADO. Rats were killed after
24 h, and TUNEL staining was
used to visualize apoptotic cells
(n=3/group) (a). Treatment with
JPI-289 2 h after MCAO reduced
apoptosis significantly (b). All
data are expressed as mean +
SEM. *p <0.05 versus vehicle
group (Kruskal-Wallis test)
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2 h after MCAO, compared with the control group (Fig. 4b).
The mean infarct volume in the control group was 328.0 +
41.9 and 236.9+£38.6 mm”> at 24 h and 7 days after MCAO,
respectively, whereas that of the group treated with JPI-289
2 hafter MCAO was 221.9 = 77.7 mm® (p = 0.016) and 160.0
+56.5 mm® (p=0.028) at 24 h and 7 days after MCAO, re-
spectively. The mean infarct volume in the group treated with
JPI-289 8 h after MCAO was smaller than that of the control
group (281.2 £ 60.0 and 206.6 +43.8 mm’, at 24 h and 7 days
after MCAO, respectively), but this did not reach statistical
significance. On day 28 after MCAO, the JPI-289-treated
groups continued to have smaller mean infarct volumes than
the control group, but this difference was not statistically sig-
nificant (Fig. 4b).

Brain swelling was also reduced in the JPI-289-treated
groups, with significant reduction in brain swelling 7 days
after MCAO in the group receiving JPI-289 2 h after
MCAO (p =0.047). Brain swelling was reduced on all oth-
er days after MCAO, in the JPI-289-treated groups com-
pared to the control group, but this was not statistically
significant (Fig. 4c).
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Treatmenttime of JPI-289

Effect of JPI-289 on Long-Term Behavior in tMCAO
Model

We started with 17 rats in each group; however, three rats
in the control group, three rats in the group treated with
JPI-289 2 h after MCAO, and two rats in the group treated
with JPI-289 8 h after MCAO were expired before 3 days
after MCAO. This left 14 rats in the control group, 14 rats
in the group treated with JPI-289 2 h after MCAO, and 15
rats in the group treated with JPI-289 8 h after MCAO for
further analysis. The results of behavior tests (NDS,
rotarod, and MST test) after MCAO showed no differ-
ences between each group for the first 3 days after
MCAO. From day 7, however, rats treated with JPI-289
2 h after MCAO showed significant improvement in mo-
tor and sensory function, as measured by NDS and the
MST test, than the control group. Rats treated with JPI-
289 8 h after MCAO also showed beneficial effects
14 days after tMCAO. However, there was no significant
difference between the two JPI-289-treated groups at any
time point (Fig. 5).
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Fig. 4 Efficacy of JPI-289 measured by diffusion-weighted imaging and
fluid-attenuated inversion recovery (FLAIR) MRI. Images are represen-
tative of serial MRIs after MCAO (a). Although initial infarct size, mea-
sured by diffusion MRI, was similar in all the groups, fluid-attenuated
inversion recovery (FLAIR) MRI reveals a significant reduction of infarct

Effect of JPI-289 on Infarct Volume and Hemorrhage
Transformations in a Rat Embolic Focal Cerebral
Ischemia Model

Average infarct volumes relative to the vehicle control group
were reduced by 49% (p<0.01) and 58% (p <0.01) in the
group treated with tPA only and the group treated with JPI-
289 and tPA, respectively, at 24 h after embolic stroke onset
(Fig. 6a, b). Gross hemorrhage in the ipsilateral lesion was
detected in five of nine rats in the control group, seven of nine
in the tPA group, and four of nine in the JPI-289 plus tPA
group (Fig. 6a). Treatment with tPA at 1 h after ischemia
increased the area with hemorrhage measured at 24 h after
embolic MCAO relative to the control group, whereas JPI-
289 plus tPA reduced the hemorrhage area significantly com-
pared with the tPA group (Fig. 6c¢).

Discussion

The present study demonstrates that early inhibition of PARP-
1 by JPI-289 reduces infarct volume in rat tMCAO and
pMCAO models with reduced apoptosis. In addition, the re-
duction of infarct volume persists until 28 days after MCAO,
and the behavior of rats improved following treatment with
JPI-289 until 28 days after MCAO. Furthermore, JPI-289 re-
duced tPA-related hemorrhagic transformation in embolic
stroke model. These results suggest that JPI-289 might be
neuroprotective during the acute stage of ischemic stroke.

volume after 24 h and 7 days in the group that received JPI-289 2 h after
MCAO (n=5/group) (b). Brain swelling measured by MRI was signifi-
cantly reduced 7 days following MCAO in the group treated with JPI-289
after 2 h (c). All data are expressed as mean £ SEM. *p <0.05 versus
control group (Mann—Whitney U test)

PARP-1 plays a significant role in the acute stage of
ischemic stroke. It is a nuclear enzyme that participates in
DNA repair, cell cycle control, and the genomic stability
response to hypoxia. During mild DNA damage,
polyADP-ribosylation facilitates DNA repair, which leads
to cell survival. However, excessive PARP-1 activation
contributes to an energy-consuming cellular process,
which leads to cellular NAD and ATP depletion, mito-
chondrial dysfunction, overall cellular dysfunction, and
ultimately neuronal cell death [7, 29]. By downregulating
PARP-1, neuronal injury during ischemia might be
prevented and, for this reason, PARP-1 inhibitors have
been studied extensively as attractive therapeutic targets
for stroke drug development. 3-Aminobenzamide (3-AB),
a classical PARP inhibitor, reduces neuronal cell death in
in vivo models of ischemic stroke [14]. In addition, other
PARP inhibitors, including PJ-34 (N-(6-0x0-5,6-dihydro-
phenanthridin-2-yl)-N,N-dimethylacetamide), MP-124 (an
isoquinoline derivative), and thienyl-isoquinolone (TIQ-
A) have more potent and selective inhibitory effects on
PARP-1 activity than 3-AB in animal models of ischemic
stroke [12, 13, 30]. Olaparib, which was initially ap-
proved for cancer therapy by the US Food and Drug
Administration, also reduces cerebral ischemia and BBB
damage successfully [19].

We recently developed a novel PARP-1 inhibitor, JPI-289,
which has non-hydroscopic properties and dissolves readily in
water [10]. This compound exhibits potent PARP-1 inhibition
in in vitro models, with possible neuroprotective function. In
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Fig. 5 The effect of JPI-289 on long-term behavior function in rats.
Behavioral function tests (neurological deficiency scale (NDS) (a),
rotarod (b), and modified sticky-tape test (c¢)) before and after MCAO
show the beneficial effects of early treatment with JPI-289 on the motor
and sensory functions of rats (n = 10 for sham, n = 14 for control, n =14
for JPI-289 2 h, n =15 for JPI-289 8 h). All data are expressed as mean +
SEM. *p < 0.05 versus control group (Mann—Whitney U test)

the present study, we confirmed the early neuroprotective
function of JPI-289 when rats were treated after tMCAO, a
model of ischemic stroke. JPI-289 administered 2 h after
MCAO reduced infarct volume by 53% 24 h after MCAO.

@ Springer

Our studies suggest that, in comparison to PJ-34 and MP-124
(which were given at either 1 or 1.5 h after tMCAO [12, 13]),
JPI-289 is more effective in reducing infarct volume. The
saturated piperidine ring and morpholine in the JPI-289 are
predicted to generate a stronger hydrophobic interaction and
hydrogen bonds and lead to greater solubility and PARP-1
inhibitory activity than PJ-34 or MP-124 [10, 31, 32].

In addition to a role in neuroprotection role, PARP-1 inhib-
itors are known to play a role in the reduction of inflammatory
responses and the modulation of adaptive immunity [11, 33].
PARP-1 sustains the expression of cytokines, chemokines,
and other inflammatory mediators, such as tumor necrosis
factor-oc (TNF-w), interleukin-1 (IL-1), IL-6, interferon-y
(IFN-y), inducible nitric oxide synthase (iNOS), nuclear
factor-kB (NF-kB), and high mobility group box 1 protein
(HMGBI). In addition, PARP-1 increases the expression of
several adhesion molecules (intercellular adhesion molecule
1, vascular cell adhesion molecule, P-selectin, E-selectin,
caludin-5, zonula occludens-1, and vascular endothelial
cadherin), chemoattractant chemokines (IL-8, macrophage in-
flammatory proteins 1 and 2, monocyte chemoattractant pro-
tein 1), and matrix metalloproteinase 9, which are all involved
in reperfusion injury and hemorrhagic transformation after
ischemic stroke [18, 33]. Thus, PARP-1 inhibition has been
studied for its potential to stabilize the BBB after ischemic
stroke and has been shown to prevent BBB component deg-
radation and neuroinflammation [16, 18]. In the current study,
we found that treatment with JPI-289 reduced brain swelling
in tMCAO model and decreased hemorrhagic complication of
tPA in embolic stroke model. Although the detailed molecular
mechanism was not evaluated in this study, we believe that
JPI-289 stabilizes the BBB and reduces neuroinflammation.
Another beneficial function of PARP-1 inhibitors is the regu-
lation of the immune system either by modulating the ability
of dendritic cells to stimulate T cells or by directly affecting
the differentiation and function of T and B cells [33]. As an
increase in the number of regulatory T cells exerts neuropro-
tective effects in acute experimental models of stroke [34], the
immune modulatory functions of JPI-289 need to be investi-
gated in future studies.

Many previous experimental studies evaluating neuro-
protective agents in acute ischemic stroke have low-
quality study design and overestimate efficacy [35], so
STAIR (Stroke Therapy Academic Industry Roundtable)
made the following recommendations: (1) there should
be an adequate dose—response curve; (2) the time window
should be defined in a well-characterized model; (3) stud-
ies should be blinded, physiologically controlled, and re-
producible; (4) histological and functional outcomes
should be assessed both acutely and over the long term;
(5) studies should be carried out initially in rodents, and
then in species with gyrencephalic brains; and (6) consid-
er permanent occlusion and then transient in most cases
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Fig.6 Effect of JPI-289 on infarct
volumes and hemorrhage trans-
formation in a rat embolic focal
cerebral ischemia model. tPA

(10 mg/kg) or tPA plus JPI-289
(20 mg/kg) was injected by intra-
venous infusion over 30 min at

1 h after embolic MCAO, and the
rats were killed at 24 h (n=9/
group). Hemorrhage transforma-
tion was determined by scanning
brain tissue slices, and infarct
volumes by TTC staining (a).
Infarct volumes relative to the
control group were reduced in
both the tPA only and the com-
bined JPI-289 and tPA group (b).
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[36]. To adhere to these recommendations, our study used
DWI to randomize the experimental groups, and long-
term outcomes were assessed, together with behavioral
testing and FLAIR MRI, until 28 days after MCAO. As
we reported previously, 1 h after MCAO and the baseline,
infarct volume was similar in all groups [21]. We also
performed FLAIR MRI at 24 h, 7 days, and 28 days after
MCAO to accurately confirm infarct volume and brain
swelling and to show the trends in infarct volume and
brain swelling. Behavior tests were also performed to
the same schedule to demonstrate the long-term beneficial
effects of JPI-289 when used to treat the effects of acute
ischemic stroke. Although a sample size calculation was
not performed in this study, contrary to the STAIR rec-
ommendations, we believe that this study was well regu-
lated and minimized biases. Further investigations in
gyrencephalic species are needed to consolidate our
findings.

There are several potential limitations to this study. First,
this is a pilot study with a small sample size, and we did not
calculate sample size. Although the STAIR guidelines rec-
ommend a sample size calculation before undertaking an
animal study, it was not possible for the current study

because the differences in infarct size and estimated efficacy
of JPI-289 were not known. Second, the experiments de-
scribed in the current study were only performed in male
rats. As responses to PARP-1 inhibitors have been shown to
differ according to sex [37, 38], future studies of PARP-1
inhibitors in animal stroke models should use female ani-
mals. Third, the molecular mechanisms of JPI-289 action
were not examined in the rat brain. Although reduced in-
flammation and apoptosis were demonstrated in a previous
in vitro study, additional experiments are needed to delin-
eate the molecular mechanisms of JPI-289 action on ische-
mic stroke.

We have demonstrated the positive effects of early
PARP-1 inhibition in a rat model of acute ischemic stroke,
including decreases in infarct volume, brain swelling, ap-
optosis, and hemorrhagic transformation. We also found
that long-term follow-up with DWI and FLAIR imaging
was both feasible and applicable to animal studies, as
was the blinding of investigators to experimental design.
These findings demonstrate that JPI-289 is a promising
therapy for the treatment of ischemic stroke. Specifically,
administration of JPI-289 together with tPA could exert
more protective function against ischemic damage.
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