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Abstract

A free radical scavenger edaravone is clinically used in Japan for acute stroke, and several basic
researches have carefully examined the mechanisms of edaravone's protective effects. However, its
actions on pro-inflammatory responses under stroke are still understudied. In this study, we
subjected adult male Sprague-Dawley rats to 90-min middle cerebral artery (MCA) occlusion
followed by reperfusion. Edaravone was treated twice via tail vein; after MCA occlusion and after
reperfusion. As expected, edaravone-treated group showed less infarct volume and edema
formation compared with control group at 24-hour after ischemic onset. Furthermore, edaravone
reduced the levels of plasma interleukin (IL)-1p and matrix metalloproteinase-9 at 3-hour after
ischemic onset. Several molecules besides IL-1p and MMP-9 are involved in inflammatory
responses under stroke conditions. Therefore, we also examined whether edaravone treatment
could decrease a wide range of pro-inflammatory cytokines/chemokines by testing rat plasma
samples with a rat cytokine array. MCAO rats showed elevations in plasma levels of CINC-1,
Fractalkine, IL-1a, IL-1ra, IL-6, IL-10, IP-10, MIG, MIP-1a., and MIP-3a, and all these increases
were reduced by edaravone treatment. These data suggest that free radical scavengers may reduce
systemic inflammatory responses under acute stroke conditions, and therefore, oxidative stress can
be still a viable target for acute stroke therapy.
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1. Introduction

Over the past decade, the basic molecular mechanisms of brain cell death have been
extensively studied. Among the mechanisms, oxidative stress is thought as one of the major
implicators for several CNS diseases, including stroke [4, 23]. Under cerebral ischemic
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conditions, free radicals (e.g. reactive oxygen and nitrogen species) are generated in the so-
called ischemic penumbra [8, 34]. However, the Phase 11 clinical trial of the radical spin
trap NXY-059 for acute stroke patients was unsuccessful [35]. Post-hoc analyses pointed out
the efficacy issues related to the compound itself as well as the difficulty in drug delivery of
that compound [14, 30, 33]. Nevertheless, accumulating evidence still supports the basic
idea that free radical scavengers can be considered as a therapeutic approach for acute stroke
therapy [27].

A radical scavenger edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is widely used in
Japan for acute ischemic stroke [1, 25]. Past studies using in vivo rodent stroke models
confirmed the neuroprotective effects of edaravone, especially in penumbra regions where
free radicals are generated [3, 5, 17, 47]. Furthermore, edaravone can reduce brain edema
formation by quenching hydroxyl radicals and inhibiting lipid peroxidation [2, 28, 39, 40,
42]. Also in in-vitro cell culture systems, edaravone has been demonstrated to show
protective effects for many types of brain cells [9, 18, 22, 44, 45].

Several lines of experiments have shown that during the acute stroke phase, deleterious
inflammatory cascades are also activated [6, 15, 21]. While the brain- and cyto-protective
properties of edaravone are conclusive, its actions on the systemic inflammatory responses
in animal models of stroke are still mostly unknown. Therefore, we used a rat stroke model
to test the efficacy of edaravone on pro-inflammatory cytokines, chemokines, and proteases
in plasma. First, we confirmed the protective effects of edaravone on cerebral infarction and
brain swelling due to ischemic stress in our system. Then, we measured levels of
interleukin-1p (IL-1p) and matrix metalloproteinase-9 (MMP-9) in rat plasma samples from
the acute phase of stroke, and examined effects of edaravone on their upregulation. Finally,
we tested rat plasma samples with a rat cytokine array to check if edaravone could broadly
reduce inflammatory responses under the acute phase of stroke.

2. Material and Methods

Animal Model

All experiments were performed following an institutionally approved protocol in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were
anesthetized with isoflurane (5% induction, 1-1.2% maintenance) in a 30%-oxygen/70%-
nitrous oxide mix. Temperature was maintained at 37 + 0.5°C with a heating pad. Right
femoral arteries were cannulated to monitor pressure, pH and gases. The intraluminal
filament stroke model was prepared as described previously [13]. Briefly, a silicone-coated
4.0 nylon monofilament was inserted from the external carotid artery and advanced into the
internal carotid artery until the tip occluded the proximal part of the middle cerebral artery
(MCA). Ninety minutes after MCA occlusion (MCAO), reperfusion was achieved under
anesthesia by withdrawal of the filament. Before MCAO, animals were randomly allocated
to one of two treatment groups: (i) intravenous vehicle (saline) injected at 0 and 90 min after
MCAO and (ii) intravenous edaravone treatment (3 mg/kg) at 0 and 90 min after MCAO.
The dosage of edaravone was chosen based on previous papers [24, 41]. Consistent with
STAIR recommendations [10], all the experiments were performed in a blinded fashion.
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Plasma sample preparation

At 0, 1.5, 3, 6, and 24 hours after MCAO, blood was collected from the right femoral artery
under anesthesia, and was mixed with EDTA. Then, plasma was separated by centrifuging
blood at 3000 rpm for 15 minutes. Plasma samples were stored at -80°C for later
zymography/ELISA/array analysis.

Measurement of Infarction and Brain swelling

Rats were sacrificed at 24 hours after ischemic onset under deep pentobarbital anesthesia.
Then the brains were perfused with saline, and seven coronal sections (2 mm thick) were

stained with 2,3,5-triphenyltetrazolium chloride (TTC; Sigma, St. Louis, MO) to quantify
infarct volumes. Brain swelling was estimated as the volumetric ratio of the ischemic side
divided by the contra-lateral side.

Measurement of plasma MMP-9 and IL-1B

The level of MMP-9 in plasma was measured by gelatin zymography according to
previously described techniques [26]. The level of IL-1p in plasma was measured by using
the Quantikine Rat IL-18 (R&D Systems) according to the manufacture's instructions.

Rat Cytokine/Chemokine Array

Cytokine/Chemokine levels in plasma were measured by using the Proteome Profiler Rat
Cytokine Array Panel A Array Kit (R&D Systems) according to the manufacture's
instructions. Optical density of each signal was measured using Image-J software and
calculated based on the positive controls.

Statistical Methods

3. Results

Unpaired t-test was done to compare differences between the two groups. Differences with P
< 0.05 were considered statistically significant. Data are expressed as mean = SD. Animal
numbers for each figure were described in figure legends.

There were no large differences between vehicle- and edaravone-treated stroke animals in
physiological parameters; body weight, rectal temperature, mean arterial blood pressure
(MABP), heart rate, pO,, pCO,, and cerebral blood flow (CBF) (Supplementary Table). In
both vehicle- and edaravone-treated groups, the physiological parameters remained within
normal range (Supplementary Table). Using the rat stroke model, we first examined whether
edaravone treatment reduced brain injury. Three mg/kg edaravone was injected twice
through tail vein at 0 and 90 min after MCAQ. Then, 24 hours later, cerebral infarct volume
and brain swelling were measured. As previous papers reported [19, 29, 43], edaravone-
treated rats showed less infarct volume and swelling (Figure 1).

Several lines of experiments have shown that inflammatory cytokines, chemokines and

proteases are upregulated under stroke conditions to worsen brain damage [21]. Although
some molecular mechanisms of the protective effects of edaravone were elucidated [9, 18,
44, 45], its actions on the systemic inflammatory responses in animal models of stroke are
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not fully understood. To address this question, we measured levels of pro-inflammatory
factors in rat plasma samples. Since interleukin-1p (IL-1p) and matrix metalloproteinase-9
(MMP-9) are associated with brain damage after stroke [21], these factors were examined as
an initial experiment. We collected rat plasma samples at 0, 1.5, 3, 6, and 24 hours after
MCAO. Data from IL-1p ELISA and MMP-9 gelatin zymography experiments showed that
the levels of these factors were transiently increased (Figure 2A and 2C). Importantly, at the
peak time point of 3 hours after MCAQ (1.5-h MCAO + 1.5-h reperfusion), the edaravone-
treated group showed lower levels in both IL-1 and MMP-9 compared with the control
group (Figure 2B and 2D).

These initial experiments suggested that some pro-inflammatory factors could be
upregulated under the acute phase of stroke, and treatment with edaravone may suppress
inflammatory responses. Therefore, we tested rat plasma samples at 3 hours after MCAO
with the Rat Cytokine Array Kit (Promega #ARY008), consisting of 29-plex antibody arrays
(CINC-1, CINC-2a/B, CINC-3, CNTF, Fractalkine, GM-CSF, soluble intercellular adhesion
molecule-1 (SICAM-1), IFN-vy, IL-1a, IL-1p, IL-1 receptor antagonist (IL-1ra), IL-2, IL-3,
IL4, IL-6, IL-10, IL-13, IL-17, IP-10, C-X-C motif chemokine 5 (L1X), L-Selectin, MIG,
MIP-1a, MIP-3a, RANTES, Thymus Chemokine, tissue inhibitor matrix
metalloproteinase-1 (TIMP-1), TNF-a, and vascular endothelial growth factor (VEGF)).
Under normal conditions (e.g. before MCAOQ), eight factors were detected by this Kit;
CINC-1, sICAM-1, LIX, L-Selectin, RANTES, Thymus Chemokine, TIMP-1, and VEGF
(Figure 3). Among these factors, the CINC-1 level was upregulated more than 2-fold after
MCAO, but was reduced by edaravone treatment (Figure 3B). Also, there were nine factors
which were not detected under normal conditions but increased after MCAQO; Fractalkine,
IL-1a, IL-1ra, IL-6, IL-10, IP-10, MIG, MIP-1a, and MIP-3a (Figure 3). These
upregulations were all blocked by edaravone treatment (Figure 3B), indicating that
edaravone might play an important role in suppressing systemic inflammatory responses in
the acute stroke phase. Twelve factors of 29 could not be detected by this rat cytokine
protein array kit both in normal and MCAO conditions; CINC-2a/p, CINC-3, CNTF, GM-
CSF, IFN-vy, IL-1p, IL-2, IL-3, IL-4, IL-13, IL-17, and TNF-a.. A small caveat here is that
we could detect plasma IL-1p with the IL-1p ELISA kit, but not with the array kit. The
reason for this might be due to a difference in sensitivity for IL-1p detection between the
ELISA and the chemiluminescent-based array systems.

3. Discussion

In our current study, we demonstrate that a free radical scavenger edaravone reduced
ischemia-induced cerebral infarction and swelling. Furthermore, in our rat stroke model,
plasma levels of IL-1p and MMP-9 were transiently upregulated, and edaravone treatment
significantly blocked these increases. Importantly, a protein array system demonstrated that
at least ten more cytokines/chemokines were upregulated in plasma after stroke, and these
changes were all suppressed by edaravone treatment. Since the systemic inflammatory
response is one of the major deleterious cascades that occur in the acute stroke phase, our
data suggest that oxidative stress could still be considered as a viable target for stroke
therapy.
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A major novelty of this study is that edaravone broadly suppressed systemic inflammatory
responses under stroke conditions. A recent study by Yuan et al. [46] demonstrated anti-
inflammatory effects of edaravone in stroke animals, focusing on inflammatory cytokines
from activated microglia in the brain. Our current study may expand the previous finding
from novel aspects. While the Yuan's study examined the inflammatory cytokines (IL-1f
and TNF-a) in microglia in the brain at relatively late stage after brain injury (e.g. 3and 7
days after MCAO), we focused on the inflammatory responses in plasma at the acute phase
(3 hours after MCAOQ). Since there was no detectable infarction in the TTC staining at 3
hours after MCAO in our system (data not shown), the edaravone's systemic effects against
inflammation after stroke in this study may not heavily depend on its brain-protective
effects. Furthermore, with the usage of a protein array approach, we revealed that at least ten
pro-inflammatory factors were upregulated in plasma after MCAO, which all were
suppressed by edaravone treatment. Among those inflammatory factors, IL-1a and IL-6 are
well-known cytokines that are related to brain inflammation under stroke [7, 21]. Also,
Fractakline, MIP-1a, and MIP3-a showed deleterious effects through leukocyte infiltration
under pathological conditions [20, 38]. In clinical studies, soluble intercellular adhesion
molecule-1 (sICAM-1) levels were higher in acute stroke patients who died compared to
those who survived [31]. Altogether, our findings indicate that the edaravone's systemic
effects against inflammation after stroke might be one of the mechanisms of edaravone's
protective effects for stroke patients.

Our current study shows that edaravone broadly suppressed systemic inflammatory
responses under acute ischemic conditions. However, there are still some important caveats
in our experimental design and data analysis. First, we targeted only one time point (i.e. 3
hours after MCAQ) for the cytokine array system. To be more rigorous, edaravone's effects
on inflammatory responses must be tested at several time points after stroke onset (e.g. 1.5,
6, 12, and 24 hours after MCAOQ). Second, some factors such as LIX, L-selectin, and VEGF
were not robustly changed by ischemic stress at 3-hour after MCAQ, but those factors were
downregulated by edaravone. It might be possible that the levels of those factors would
increase at the different time points after MCAQO. Therefore, once again, we may need to
examine the effects of edaravone on those factors at different time points to fully understand
the anti-inflammatory effects of edaravone. Third, our experiments did not intend to examine
the mechanisms of edaravone for inflammatory responses during ischemic conditions. While
the anti-inflammatory properties of edaravone were implicated in this study, it would be
important to examine how edaravone decreased the upregulation of pro-inflammatory
cytokines/chemokines. Forth, edaravone suppressed the upregulation of IL-1ra and IL-10 in
our study. Both IL-1ra and IL-10 are known to have anti-inflammatory properties by
suppressing cytokine receptor expression/activation [12, 32, 36, 37]. While edaravone is
protective for stroke patients and in the animal model, our study suggests that edaravone
might also suppress the beneficial cascades as well. Therefore, future studies for screening
drug candidates may need to evaluate the effects of compounds on the beneficial cascades as
well for better efficacy. Lastly, our experiments are essentially an in vivo proof-of-concept
study, which is sometimes difficult to translate into clinical application [11, 16]. Thus,
clinical studies testing plasma samples from edaravone-treated stroke patients would be
warranted.
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summary, we have demonstrated that the free radical scavenger edaravone is effective in

our rat stroke model at least partly via its anti-inflammatory properties. Although the radical

sp

in trap NXY-059 failed in Phase Il clinical trial, our findings suggest that oxidative stress

may be still a relevant target for acute stroke therapy.
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Figure 1. Cerebral infarction volumesand Brain Swelling
(A) Representative images of TTC-stained brain sections are shown. (B & C) Effects of

edaravone on infarction volume and brain swelling at 24 hours after MCAO. Intravenous
edaravone treatment (Eda) reduced both infarct volumes and brain swelling. Data expressed
as mean + SD. N=7 for Vehicle, and N=7 for Edaravone. *P<0.05.
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Figure 2. Effects of edaravonetreatment on plasmaIL-18 and MM P-9 |evels
(A) Time course of plasma IL-1p levels measured with IL-1p ELISA. Plasma samples were

collected at 0, 1.5, 3, 6, and 24 hours after MCAO as described in Materials and Methods.
Plasma IL-1p levels were transiently upregulated. Data expressed as mean + SD. N=6 for
each time point. (B) IL-1p ELISA showed that edaravone treatment (Eda) reduced plasma
IL-1p levels at 3 hours after MCAO. Data expressed as mean + SD. N=6 for \ehicle, and
N=5 for Edaravone. *P<0.05. (C) Time course of plasma MMP-9 levels measured with
gelatin zymography. Upper panel shows representative gelatin zymogram image. PC
indicates positive controls loaded with MMP-2 and MMP-9 standards. Plasma samples were
collected at 0, 1.5, 3, 6, and 24 hours after MCAQO as described in Materials and Methods.
Plasma MMP-9 levels were transiently upregulated. Data expressed as mean = SD. N=6 for
each time point. (D) Gelatin zymography showed that edaravone treatment (Eda) reduced
plasma MMP-9 levels at 3 hours after MCAQ. Data expressed as mean + SD. N=6 for
Vehicle, and N=5 for Edaravone. *P<0.05.
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MIP-30/CCL20 C17,C18 nd 0.18 nd
RANTES/CCL5 D3, D4 0.22 0.39 0.15
Thymus Chemokine/CXCL7 D5, D6 0.53 0.73 0.81
TIMP-1 D7,D8 0.8 113 0.91
VEGF D11, D12 0.11 0.1 nd

* nd indicates not detectable.

Figure 3. A cytokine/chemokine array analysisin rat plasma
(A) Images of chemiluminiscent intensity from the cytokine/chemokine array. Schematic

image indicates the layout of cytokines and chemokines being measured. Three rat plasma
samples were tested with the cytokine/chemokine array - before MCAO, 3 hours after
MCAO (vehicle-treated), and 3 hours after MCAO (edaravone-treated). These samples were
confirmed to contain average levels of IL-1p (tested by IL-1p ELISA) and MMP-9 (tested
by gelatin zymography) before the protein array experiments. (B) Quantitative readouts from
the array measurements. Optical density of each signal was measured by Image-J, and each
value was calculated based on signals of the positive controls in the same membrane.
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