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Abstract

Nucleotide-binding and oligomerization domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome, which is composed of an NLRP3 domain, the adaptor molecule
apoptosis-associated speck-like protein containing a CARD (ASC) domain, and procaspase-1,
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plays an important role in the immune pathophysiology of the secondary damage induced by
intracerebral hemorrhage (ICH). This study aims to investigate whether pre-stroke treatment with
fimasartan, an angiotensin 1l receptor blocker, has anti-inflammatory effects on ICH by inhibiting
the activation of the NLRP3 inflammasome. Sprague-Dawley rats were divided into five groups:
sham, vehicle, low-dose (0.5 mg/kg) and regular-doses (1.0 and 3.0 mg/kg) fimasartan. These rats
were treated for 30 days before the induction of collagenase-induced ICH and continuously 3 days
after surgery. The mean blood pressure (BP) in the low-dose fimasartan group was not
significantly different from that of control, and BP in the regular-dose groups was decreased in a
dose-dependent manner. Pretreatment with low-dose fimasartan attenuated ICH-induced edema
and improved neurological functions. Activation of the NLRP3/ASC/caspase-1 and the NF-xB
pathways after ICH was markedly reduced by low-dose fimasartan. The double
immunofluorescence staining of brain cells showed a significant decrease in the co-localization of
NLRP3 with Ibal (microglia marker) positive cells by fimasartan treatment. Cultured microglia
cells stimulated by hemolysate demonstrated significant activation of the inflammasome, which
was reduced by fimasartan. Pretreatment with a low-dose fimasartan alleviated brain damage after
acute ICH by inhibiting the NLRP3 inflammasome without lowering MBP. Our study suggests
pre-stroke administration of fimasartan could potentially attenuate ICH-induced secondary brain
injury by targeting the inflammasome.
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1. Introduction

Intracerebral hemorrhage (ICH) is one of the subtypes of stroke that is characterized by high
mortality and morbidity, and represents approximately 10-15% of strokes worldwide each
year (Keep et al., 2012; Lan et al., 2017). The number of hospital admissions for ICH has
increased in the past ten years. Despite the recent advance in stroke therapy, the mortality
rate has not decreased due to the increased elderly population, the racial differences in the
incidence of ICH, and the increased use of anticoagulants (Qureshi et al., 2009; Qureshi et
al., 2001). Currently, there are no effective therapies for ICH because of the complex and
poorly understood mechanisms. Accumulating evidence suggests that inflammatory factors
are involved in the secondary brain damage induced by ICH (Yang et al., 2017); however,
the molecular mechanisms underlying the innate immune response in ICH are not fully
understood (ladecola and Anrather, 2011; Wang and Doré¢, 2007).

Recently, the so-called inflammasome has been found to regulate diverse inflammatory
responses in all organs, including the brain (Strowig et al., 2012). The inflammasome plays a
key role in the innate immune response in the central nervous system (CNS) diseases
(Heneka et al., 2017). Typically, the inflammasome is composed of at least one member of
the cytosolic innate immune sensor family, the NOD-like receptors (NLRs), coupled with
the adaptor apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC), and caspase-1 (Schroder and Tschopp, 2010). The nucleotide binding and
oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3)
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inflammasome is the best characterized and the most clinically relevant inflammasome to
date. Activation of the NLRP3 inflammasome subsequently activates caspase-1 and induces
the secretion of mature cytokines, such as interleukin-1p (IL-1B) (Zhu et al., 2017). The
processing of mature cytokines is mediated by two distinct signals. The first signal is the
priming signal, which involves activation of the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) signaling pathway. The second signal involves the formation of
the NLRP3 inflammasome complex with cleaved caspase-1 (Franchi et al., 2012). An
increasing number of studies have suggested that the NLRP3 inflammasome contributes to
brain inflammation in stroke, especially in ICH (Fann et al., 2013; Ma et al., 2014).

It is well-known that chronic hypertension is by far the most common risk of bleeding that
can lead to ICH and that angiotensin Il receptor antagonists (ARBS) are one of the most
effective management options for hypertension (Saavedra, 2012). ARBs collectively have
neuroprotective effects, although the underlying mechanisms of action may differ. Previous
studies found that patients treated with ARBSs or angiotensin-converting enzyme inhibitors
(ACEI) prior to ischemic stroke onset are associated with lower stroke severity and better
outcome, which may be indirectly related to effect due to the lowered BP (Fuentes et al.,
2010; Selim et al., 2005). These drugs may have a potential neuroprotective effect and lower
the stroke risk for stroke patients. A recent study found pre-stroke ARB treatments might
reduce the 30-day mortality of ischemic stroke patients (Sundboll et al., 2015). Fimasartan
(BR-A-657), a new ARB drug, has a stronger affinity for the AT1 receptor subtype and
presents superior inhibitory activity compared to other ARBs (Chi et al., 2011). Pre-stroke
use of fimasartan has been found to be protective in ischemic stroke and myocardial
infarction (Han et al., 2013; Kim et al., 2015). However, the effect of pre-treatment of
fimasartan on ICH has remained unknown.

Therefore, this study aims to evaluate the dose-dependent effect of fimasartan administration
in acute ICH stroke and investigate the mechanism of neuroinflammatory attenuation that is
beyond BP control. We conducted a 30-day pretreatment with different doses of fimasartan
and validated its ability to regulate BP prior to ICH. We decided to move forward with the
low-dose fimasartan as its effects on BP were statistically indistinguishable from controls,
thus allowing us to isolate BP-independent mechanisms. Specifically, we investigated the
role of low-dose fimasartan on two inflammatory signal pathways induced by ICH: the
NLRP3 inflammasome and the NF-xB pathways.

Materials and methods

Fimasartan administration

Fimasartan (Boryung Pharmaceutical Company, Republic of Korea), was dissolved in
phosphate-buffered saline (1 mg/mL) and diluted with sterile water to constitute either the
low dose (0.5 mg/kg, p.o.) or regular doses (1.0 and 3.0 mg/kg, p.0.) according to our
previous study (Kim et al., 2015). Fimasartan or distilled water (DW) was administered
orally for 30 days prior to the induction of ICH, and continuously for 3 days after the
surgery at the same time every morning.
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2.2. Induction of intracerebral hemorrhage

All animal experimental protocols were performed in accordance with the relevant
guidelines and regulations approved by the National Institutes of Health Animal Care and
Use Committee of the Biomedical Research Institute at Seoul National University Hospital.
Total 113 four-week-old male Sprague-Dawley rats (Koatech, Seoul, Republic of Korea)
weighing 65-75 g were randomly separated into five groups: sham, ICH + DW, ICH + low-
dose fimasartan (0.5 mg/kg, p.o.) and ICH + regular-doses fimasartan (1.0 and 3.0 mg/kg,
p.o.). After one month, we performed the ICH surgery on adult rats at 8 weeks of age (250 —
300 g) as previously published (Song et al., 2003). The rats were then injected intrastriatally
(3.0 mm left, 0.2 mm posterior to the bregma and 6.0 mm in depth) with collagenase 1V (0.6
U in 1 pL saline, Sigma) in a stereotaxic frame (David Kopf Instruments, Tujunga, CA,
USA). The forelimb flexion and contralateral circling were observed to confirm the success
of the ICH surgery. Sham-operated rats only underwent needle insertion without collagenase
injection. Male rats were used to avoid the neuroprotective effects of estrogens which may
affect stroke outcome (Dubal and Wise, 2002).

2.3. Monitoring of blood pressure

Mean BP levels were noninvasively monitored at the same time from the rat’s tail
(homologated by Bland Altman Testing) (Ciocoiu et al., 2013) with a CODA Noninvasive
Blood Pressure System (Kent Scientific Corporation, Torrington, CT) throughout the whole
experiment including days 28, 21, 14, 7 and 3 prior to the surgery and at baseline with the
administration of fimasartan (n = 10 per group) (Fig. 1A).

2.4. Measuring the brain water content and hemorrhage volume

We analyzed the brain water content and hematoma volume 3 days after surgery because
edema is the most severe three days after ICH (Xi et al., 2006). Rats were euthanized 72 h
after ICH. The brains (n = 12 per group) were then divided into two hemispheres along the
midline and immediately weighed using an electric analytical balance to obtain the wet
weight. The brain samples were then dried in a gravity oven at 100 °C for 24 h to obtain the
dry weight. Water content = (wet content-dry content)/(wet content) x 100% (Song et al.,
2003).

To evaluate the hemorrhagic lesion volume, the brains (n = 8 per group) were serially
sectioned at 1-mm intervals in the coronal plane through the needle entry site. The
hematoma area of each section was assessed by Image J (National Institutes of Health,
Bethesda, MD). The total hematoma volume (mm3) was calculated by summing the
hematoma area in each section and multiplying by the thickness of the sections (Kim et al.,
2013).

2.5. Behavioral testing

Two behavioral tests, the modified Neurological Severity Score (mMNSS) and forelimb
placing test, were performed by investigators blinded to the groups. The rats were assessed
before and 1 h, 1 day and 3 days after ICH (n = 17 per group). The mNSS test includes a
composite of the motor (six points), sensory (two points), and beam balance (six points)
tests, in addition to the absence of reflexes and presence of abnormal movements (four
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points). The mNSS is graded on a scale of 0-18 (normal score = 0; maximal deficit score =
18) to determine impairment (Chen et al., 2001).

The vibrissae-elicited forelimb placing test was used to assess the asymmetry between
forelimbs (Schallert et al., 2000). The rats were held to allow their forelimbs hanging free.
Each forelimb was tested by stimulating their ipsilateral vibrissae on the edge of the
countertop once per trial for 10 trials. Intact rats stretch each forelimb quickly on the edge of
the table in response to vibrissae stimulation. The total scores were determined by the
percentage of successful placing responses.

2.6. Western blotting

The brain tissue samples from the sham, control and low-dose fimasartan groups (n = 5 per
group), were homogenized in ice-cold RIPA buffer (Biosesang, Seoul, Korea) after
euthanasia 1-day post-ICH. The protein concentration was determined using a Bradford
Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Protein (60 pug) was separated on 8% and
15% sodium dodecyl sulfate-polyacrylamide gels using an electrophoresis gel and then
transferred to polyvinylidene-difluoride membranes. The membranes were blocked with 5%
skim milk and incubated with primary antibodies (Table 1) overnight. After blocking the
secondary antibodies with horseradish peroxidase-conjugated anti-rabbit 1gG (Santa Cruz
Biotechnology), the blots were detected using an enhanced chemiluminescence detection
system (Thermo Fisher Scientific, Waltham, MA). Image J (National Institute of Health,
Bethesda, MD) was used to analyze the density of the signals. The results are representative
of at least three independent experiments from every brain sample.

2.7. Quantitative Real-Time PCR

The brain tissue was rinsed with cold PBS, and total RNA was isolated from the left striatum
of every group (n =5 per group) using TRIzol ® reagent (Invitrogen, La Jolla, CA, USA). A
total of 2 pg of RNA was converted into cDNA using TOPscript RT DryMIX (Enzynomics
Inc., Korea) according to the manufacturer’s instructions. The Tagman probes for NLRP3
MRNA (Assay ID: Rn04244620_m1) and caspase-1 mRNA (Assay ID: Rn00562725_g1)
were purchased from Applied Biosystems (Foster City, CA). The sequence-specific primers
were as follows: ASC, forward, 5’-GCT CAC AAT GTC TGT GCT TAG AG-3’; reverse,
5'-GCA GTA GCC ACA GCT CCA G-3” and rS6, forward 5’-TGC TCT TGG TGA AGA
GTG GA-3’; reverse 5'-CAA GAA TGC CCC TTA CTC AAA-3". Quantitative polymerase
chain reaction (QPCR) was performed using SYBR Premix Ex Tag™ (Takara Bio Inc.,
Shiga, Japan) on an ABI 7500 Real-Time PCR System (Perkin-Elmer Applied Biosystems,
Lincoln, CA, USA). The results are presented as the mean + standard error of the relative
MRNA expression normalized to GAPDH or rS6 using the comparative AACt method.

2.8. Cytokine measurement

The levels of cytokines including interleukin-1 beta (IL-1p) and TNF-a were quantified by
single-plex ELISA kit specific for rat tissue (n = 5 per group) according to the
manufacturer’s instructions (R&D systems). The results are reported based on standards and
expressed as pictograms of the measured molecule per mL of tissue (pg/mL).
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2.9. Double-labeled immunofluorescence staining and cell quantification

Rats (n = 6 per group) were transcardially perfused with saline and 4% paraformaldehyde in
0.1 mol/L (PH 7.4) phosphate-buffered saline at 1 day after ICH. The cryopreserved brain
samples were sectioned in the coronal plane at a thickness of 10 um and mounted onto
silane-coated slides (Dako, Glostrup, Denmark). The sections were incubated with primary
antibodies (summarized in Table 1) at 4 °C overnight. For double immunofluorescence (IF)
staining, specific cellular markers including ionized calcium binding adaptor protein-1
(Iba-1) for microglia were used to identify the inflammasome derived from different cell
types. The slides were mounted with DAKO Paramount (DAKO Corporation, Carpinteria,
CA) to stain the cell nuclei. The primary antibody was omitted as a negative control for the
IF staining. Bright-field and fluorescence micrographs were acquired using a Leica
DM5500B microscope (Leica Microsystems) and LAS-AF image acquisition software
(Leica Microsystems, Rijswijk, Netherlands).

The number of positive cells in the perihematomal regions was counted in 3 axial sections
and at least 4 fields for each section per animal through the center of the hemorrhagic lesion
by two independent investigators who were masked to the group identification according to
established protocols (Jung et al., 2004). To count the number of positive microglia, 16 high-
power fields were obtained from the stained sections through the center of the ICH lesion
(Fig. 1B) 1 day after ICH. The total counts in the measured sections were converted into cell
densities for comparison between the ICH groups.

2.10. Microglia cell culture and treatment

The mouse microglia cell line BV2 (ATCC, Manassas, VA) was cultured in DMEM with
10% FBS and 1% penicillin-streptomycin at 37 °C in 5% CO2. Microglia cells were divided
into four groups. One is the control group and the second group was stimulated by
hemolysate alone. The third group was pretreated with fimasartan (30 ng/mL) alone for 6 h
and the last group was stimulated with fimasartan before incubation with 10% hemolysate
for 2 h, and then harvested for western blotting analysis.

2.11. Statistical analysis

The results are presented as the mean + SEM. Statistical analysis was performed using Prism
(GraphPad Software, La Jolla, CA). The results from the different groups were analyzed
using an unpaired sample t-test or repeated measures of analysis of variance followed by
Bonferroni’s post hoc test. The nonparametric Mann-Whitney U test or Wilcoxon signed-
rank test was used for unpaired and paired samples, respectively. The nonparametric
Kruskal-Wallis H test was used to test multiple groups. A two-tailed value of p < .05 was
considered significant.

3. Results

3.1. No difference in the mean blood pressure levels in the low-dose fimasartan-treated
group
To determine whether fimasartan (fima) regulate BP in a dose-dependent manner, we
monitored the mean BP level during the one month of pretreatment. The noninvasive mean
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BP in the low-dose fimasartan group was not significantly different from that of the control
group. After treatment for 30 days, the mean BP was 97 + 2.4 for the control group and 97
+ 3.1 mmHg for low-dose fimasartan group (p > .05). The regular-doses fimasartan groups
showed a reduction in the mean BP as early as 3 days after treatment and led to significantly
lower BP starting at 7 days in a dose-dependent manner (91 + 0.8, p < .05, for fima 1.0
group, and 86 + 3.8 mmHg, p < .01 for fima 3.0 group, respectively), compared to the
control group (99 % 2.0). (Fig. 2A).

Improved neurological functioning outcomes

Functional recovery was significantly improved in the fimasartan-treated group compared to
that in the control group at 1 h, 1 day and 3 days after ICH. In all rats, the mNSS score was 0
before ICH, which indicated normal neurological functioning. In the control group, the
mNSS score peaked (9.5 + 0.4) 1 h after ICH and decreased to 8.5 + 0.4 on day 1 and 6.8

+ 0.4 on day 3 after ICH. In the fimasartan-treated group, the mNSS score also decreased
from day 1 to day 3 after ICH compared with the score at the 1 h time point. Compared to
the control group, the fimasartan-treated group demonstrated a significant decrease in the
mNSS score at all of the time points indicating the improved outcome, p <.001 (Fig. 2B). In
the fima 0.5 mg/kg group, the mNSS score peaked (6.3 + 0.7) 1 h after ICH and decreased to
5.1+0.3onday 1and4.3+0.40nday 3; In the fima 1.0 mg/kg group, the mNSS score
peaked (5.2 £ 0.3) 1 h after ICH and decreased to 4.5 + 0.3 on day 1 and 4.2 £ 0.3 on day 3;
in the fima 3.0 mg/kg group, the mNSS score peaked (5.5 + 0.6) 1 h after ICH and decreased
to 4.0+ 0.4 onday 1and 3.8 £ 0.5 on day 3.

For the forelimb placing test, the score was 100 in all of the rats before ICH, which indicated
normal forelimb function. In the control group, the minimal improvement was observed
from 1 h after ICH 4.7 £ 0.3t08.4 £ 0.4 on day 1 and 25.6 + 1.2 on day 3 after ICH In the
fimasartan-treated groups, there was an improvement in the score from day 1 to day 3
compared to that from 1 h after ICH in a dose-dependent manner. The fimasartan-treated
group demonstrated a significantly higher score than the control group on day 3 (control vs.
fima 0.5 mg/kg, 25.6 £ 1.2 vs. 33.8 £ 1.2, p < .05; control vs. fima 1.0 mg/kg, 25.6 £ 1.2 vs.
42.3 + 1.4, p <.01; control vs. fima 3.0 mg/kg, 25.6 + 1.2 vs. 62.7 =+ 1.4, p < .001) (Fig. 2C).
These results suggest that pretreatment with fimasartan improved the neurological function
recovery after ICH.

3.3. Decreased brain water content and attenuated hematoma volume

Compared to the control group, both the low-dose and regular-dose fimasartan-treated
groups showed a significant attenuation in the brain water content at 3 days after ICH
(control vs. fima 0.5 mg/kg, 82.0 + 0.08% vs. 81.6 + 0.10%, p < .05; control vs. fima 1.0
mg/kg, 81.3 + 0.35% vs. 79.4 + 0.32, p < .05; control vs. fima 3.0 mg/kg, 81.5 £ 0.16 vs.
79.3 +0.14, p < .05) (Fig. 2D).

There was no difference in the hemorrhagic lesion volume in the low-dose and regular-dose
1.0 mg/kg fimasartan group compared to that in the control group (control vs. fima 0.5
mg/kg, 20.41 + 1.47 mm3 vs. 17.5 + 1.55 mm3, p > .05), which indicated that these doses of
fimasartan did not affect bleeding. There was a reduction in the lesion volume in the
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fimasartan 3.0 mg/kg group (control vs. fima 3.0 mg/kg 20.41 + 1.47 mm3 vs. 15.71 + 0.85
mm3, p < .05) 1 day after ICH (Fig. 2E, F).

3.4. Activation of NF-xB/IxB and the downstream molecule COX-2 was suppressed

Based on the preliminary experiments, we determined that the low-dose fimasartan (0.5
mg/kg) was the effective dose in the present study without significant BP modulation effect,
and then investigated the anti-inflammatory mechanism of the low-dose fimasartan effect on
ICH rats. We first evaluated the activation of the NF-xB pathway, which is the priming
signal for the inflammasome process. Compared to the sham group, NF-xB (1.13 £ 0.05 vs.
0.93 £ 0.03 in sham, p <.05) and COX-2 (1.23 £ 0.04 vs. 0.67 £ 0.06 in sham, p <.01) in
control group were activated, and 1xB (0.78 = 0.01 vs. 0.84 + 0.02 in sham, p < .05) was
degraded in the control group. However, compared to control group, these changes were
significantly attenuated by low-dose fimasartan (NF-xB 1.02 + 0.04, p < .05; COX-2, 1.03
+0.09, p < .05, and I1xB 1.01 + 0.03, p < .001) (Fig. 3A-D).

3.5. Activation of NLRP3/ASC/caspase-1 and the subsequent release of IL-1p were

inhibited
As the second signal for the inflammasome process, the expression of the NLRP3/ASC/
caspase-1 complex was evaluated. We further analyzed the role of low-dose fimasartan in the
activation of the NLRP3 inflammasome. Compared to their levels in the sham group,
NLRP3 (1.08 + 0.04 vs. 0.78 + 0.08 in sham, p < .05), ASC (0.75 + 0.05 vs. 0.49 £ 0.03 in
sham, p <.001) and cleaved caspase-1 (0.73 £ 0.03 vs. 0.64 £+ 0.01 in sham, p < .05) were
upregulated in the control group (Fig. 4B-D). The production of mature IL-1p (0.83 £ 0.03
vs. 0.38 + 0.04 in sham, p <.01) was also increased (Fig. 4E). However, compared to control
group, these effects were inhibited by low-dose fimasartan (NLRP3, 0.77 £ 0.04, p < .01;
ASC, 0.64 £ 0.01, p < .05; cleaved caspase-1, 0.60 = 0.05, p < .05; mature IL-1, 0.56
+0.05, p<.01).

3.6. The expression of NLRP3/ASC/caspase-1 mRNA and the subsequent release of pro-
inflammatory cytokines were reduced

To confirm our findings, we determined the contribution of fimasartan on the mRNA levels
of NLRP3 inflammasome involved in ICH. Compared to Sham group, ICH induced a 1.7-
fold increase in NLRP3 mRNA (p <.001), a 1.5-fold increase in ASC mRNA (p < .05) and a
1.2-fold increase in caspase-1 mMRNA (p <.001). However, compared to control group, low-
dose fimasartan significantly decreased these mRNA expression levels with a 0.3-fold
decrease in NLRP3 mRNA (p < .001), a 0.2-fold decrease in ASC mRNA (p <.05) and a
0.3-fold decrease in caspase-1 mRNA (p < .001) (Fig. 5A, B, C). Compared with the sham
group, the subsequent secretion of the cytokines IL-1p and TNF-a were increased in the
control group (9.4-fold in IL-1p and 2.1-fold in TNF-a, both p < .001). Fimasartan
effectively reduced the secretion with a 0.2-fold decrease in IL-1p (p < .05 compared to
control) and a 0.5-fold decrease in TNF-a. (p < .001 compared to control) (Fig. 5D, E).
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3.7. The expression of ICH-induced NLRP3/ASC/caspase-1in microglia was
downregulated

Increased number of active microglia is found in acute ICH (Chang et al., 2017). To better
understand fimasartan’s effect on the innate immune response after ICH, we performed
double IF staining using Iba-1* and NLRP3 inflammasome (Fig. 6A). NLRP3
inflammasome was found double-stained in most Iba-1 positive cells in the area around the
hematoma. Almost all the Iba-1" cells exhibited larger cell bodies in the control group at one
day after ICH, compared to the sham group where there is nearly no NLRP3 expression in
Iba-1* cells. However, the activated expression was downregulated by fimasartan compared
to that of the control group. The quantitative analysis showed that fimasartan decreased the
number of double-stained cells with active NLRP3 components combined with microglia
(NLRP3: 124 + 12 vs. 44 + 7, p < .01) (Fig. 6B).

3.8. The expression of ICH-induced NLRP3/ASC/caspase-1in microglia was modulated in

vitro

To directly measure the effects of fimasartan on microglia, we used hemolysate to stimulate
cells, which is considered to mimic ICH in vitro. Consistent with our in vivo results, we
found hemolysate significantly increased NLRP3 inflammasome expression in the
microglia. Compared to control group, 1.2-fold increase in NLRP3 (p < .05), 1.2-fold
increase in ASC (p < .001) and 1.3-fold increase in cleaved caspase-1 (p < .05). In contrast,
compared to hemo group, these activations were decreased by pretreatment with fimasartan
with a 0.1-fold decrease in NLRP3 (p < .05), a 0.2-fold decrease in ASC (p < .05) and a 0.2-
fold decrease in cleaved caspase-1 (p < .05) (Fig. 7A-D). These data indicated that the
microglia cell may contribute to the activation of NLRP3 inflammasome following ICH,
which could be attenuated by fimasartan treatment.

4. Discussion

Pre-stroke treatment with different doses of fimasartan improved the outcome of ICH stroke
and inhibited the inflammatory response related to the secondary injury of ICH. Our study
suggested that the components of the NLRP3 inflammasome may contribute to the innate
immune response following ICH, and that low-dose fimasartan inhibited the activation of the
NLRP3 inflammasome without lowering the BP in ICH rats (Fig. 8). Regular doses (1.0 and
3.0 mg/kg, p.o.) of fimasartan can regulate the BP and improve the neurologic function in a
dose-dependent effect.

The inflammatory response is a key mechanism responsible for secondary brain damage
after ICH. Recently, the inflammasome has been recognized as a vital player in the innate
immune response in stroke (Fann et al., 2013). The discovery of the inflammasome in 2002
is considered a milestone in immunology (Martinon et al., 2002). NLRP3 is the most
intensively studied inflammasome and has been broadly investigated in the CNS immune
system, especially in its involvement with the ICH-induced inflammatory response (Feng et
al., 2015; Ma et al., 2014). IL-1B, which is the downstream product of NLRP3 processing, is
also an important therapeutic target in ICH (Lok et al., 2012). This leads to our hypothesis
that targeting the formation of the NLRP3 inflammasome may be a potential therapy for
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ICH. Therefore, in this study, we focused on the effects of low-dose fimasartan treatment on
ICH by inhibiting two IL-1p related signal pathways. Consistent with our hypothesis, both
signal pathways were activated 1-day post-ICH. Low-dose fimasartan ameliorated these
activations without affecting the BP, which suggests that the anti-inflammasome effects of
fimasartan are independent of its effect on BP. Furthermore, inhibition of inflammasome
activation by fimasartan was associated with better recovery of neurological function and a
reduction in brain edema.

ARBs have been proven to exacerbate protective effects in numerous pre-clinical studies.
Fimasartan is a selective AT1 receptor antagonist, for which the safety, efficacy, and dose-
response have been investigated in human and rodent studies (Chi et al., 2013; Kim et al.,
2015, 2012). On healthy subjects, fimasartan is well tolerated with single oral doses of 20—
480 mg (Chi et al., 2011). For patients, 60 mg and 120 mg are commonly selected as the
regular doses, while a dose < 30 mg is selected as the low dose (Lee et al., 2012a, b).
Following the guide for dose conversion between animals and humans (Nair and Jacob,
2016), fimasartan was given orally at 1 and 3 mg/kg as regular dose to reduce BP in
hypertensive rats (Chi et al., 2013). We previously found the neuroprotective effects on
ischemic stroke after oral administration of fimasartan (dose, 0.5, 1 and 3 mg/kg) (Kim et
al., 2015; Shin et al., 2011). In addition, our previous in-vitro study that mimicked
hemorrhagic brain injury, found that pre-administration of fimasartan ameliorated the
hemolysate-induced immune response in astrocytes (Yang et al., 2016). Based on these
pieces of evidence, we selected the current doses of fimasartan to investigate the dose-
dependent effects of fimasartan on ICH rats. Accumulating evidence indicates that ARBs
can penetrate the blood-brain barrier (BBB), especially with chronic treatment or some
pathologic conditions that make the BBB more permissive (Michel et al., 2013; Noda et al.,
2012). Therefore, we speculate that fimasartan is able to pass through the BBB. In particular,
pretreatment with low-dose ARBS, such as telmisartan and candesartan, have
neuroprotective effects in normotensive rodents (Groth et al., 2003; Tsukuda et al., 2009).
These studies suggest ARBs, including fimasartan, may be given to the patients at risk for
ICH chronically.

Previous studies found systematic pretreatment with the candesartan decreased neuronal
injury after the ischemic stroke on rats. Furthermore, pre-administration use of ARBs was
found to be associated with the reduced mortality of patients with ischemic stroke (Groth et
al., 2003; Sundboll et al., 2015). Compared to these studies, this study supported that pre-
stroke administration of low-dose fimasartan has favorable effects on acute ICH injury
without affecting BP. Pre-stroke administration of low-dose fimasartan may confer anti-
inflammatory effects on ICH by targeting the NLRP3 inflammasome. Future studies may be
needed to investigate strategies to offer ARB-based therapies for ICH.

The classical immune cells of the CNS are associated with the inflammatory response after
ICH. It is well known that the activations of these cells result in the release of inflammatory
cytokines, destruction of the BBB and further development of edema within the first 24 h
(Zhou et al., 2014). Different types of inflammasomes generate innate immune responses in
different brain cells. Accumulating evidence suggests that the NLRP3 inflammasome is
activated in microglia (de Rivero Vaccari et al., 2014; Santoni et al., 2015). Microglia cells
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are the resident macrophage in the brain and play an important role in modulating
inflammatory response induced by ICH (Lan et al., 2017). Therefore, the amelioration of the
microglia activation in the acute stage of ICH could have a neuroprotective value (Hanisch
and Kettenmann, 2007). Previous studies have demonstrated that levels of NLRP3 proteins,
especially I1L-1pB, were significantly increased 24 h after injury of different stroke models
(Abulafia et al., 2009; Tomura et al., 2012). Therefore, in this study, we selected 24 h as the
target time point of inflammation induced by ICH. Double-labeled immunostaining
suggested that high expression levels of the NLRP3/ASC/caspase-1 complex were
colocalized with the reactive microglia cells in the acute stage of the ICH rat model. We also
confirmed the effects of fimasartan on cultured microglia cell. Using the hemolysate
stimulation, the levels of active NLRP3 inflammasome decreased with pretreatment of
fimasartan.

Our study presents in vitro and in vivo evidence confirming the therapeutic effects of
fimasartan on the secondary injury after ICH. Fimasartan is mainly used as an
antihypertensive medication. Although our study focused on the pre-stroke administration of
low-dose fimasartan neuroprotection on ICH without BP decrease, the effects of regular
doses of fimasartan in hypertensive models or post-treatment of ICH may need to be studied
further to determine its clinical and translational relevance. ICH is still primarily a disease of
the elderly and age is an important risk factor for stroke. However, very few studies were
conducted on the aged rodents because of the many physiological and neurochemical
changes that happen with the aging (Anyanwu, 2007; Liu et al., 2010, 2009). In addition,
previous studies showed inconsistent and complex effects on aging stroke rats (Kharlamov et
al., 2000; Shapira et al., 2002; Sutherland et al., 1996). Future studies may be required to
validate the translational potential of ICH stroke models in elder animals.

5. Conclusions

In summary, pretreatment with low-dose fimasartan is a potent candidate drug for protecting
secondary damage from acute ICH by inhibiting the NLRP3 inflammasome. The activation
of the NLRP3/ASC/caspase-1 inflammasome and the subsequent cytokines may contribute
to the innate immune response of ICH. Further clinical studies may be needed to confirm the
neuroprotective effects of fimasartan on stroke.
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Fig. 1.

Sc%ematic diagram of the study design and brain areas where positive cells are quantified.
(A) A low-dose (0.5 mg/kg), regular-doses (1 or 3 mg/kg) of fimasartan, or DW was
administrated to Sprague-Dawley rats 30 days before the induction of intracerebral
hemorrhage (ICH) and 3 days after surgery. Noninvasive mean BP was monitored during the
course pretreated with fimasartan. Western blot analysis, RT-PCR, ELISA and
immunofluorescence staining were performed 1 day after ICH. Brain water content and
hemorrhage volume were evaluated 3 days after ICH. The recovery of neurological function
was assessed on 1 h, 1 day and 3 days after ICH. (B) High-power field images fully covering
the perihematomal areas were obtained from slices through the center of the hemorrhagic
lesion for counting NLRP3 inflammasome components on activated microglia cells. The
square markers indicate Iba-1-positive cells in the perihematomal region.
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Fig. 2.

Fimasartan regulated blood pressure, improved neurological functional recovery, and
reduced brain water content. Noninvasive mean BP (A) decreased in the regular-doses
fimasartan groups 3 days after the fimasartan administration, whereas in the low-dose
fimasartan group, the mean BP was not different from that of the control group (n = 10 per
group). Fimasartan improved the neurologic functional recovery in ICH injury. All rats (n =
17 per group) were subjected to the modified Neurological Severity Score (mNSS) (B) and
the forelimb placing test (C). The mNSS was 0, and the forelimb placing test scores were
100, indicating normal neurological function. In contrast to the control group, (B)
demonstrates that the mNSS was decreased in the fimasartan groups from day 1 to day 3
compared with the score at the 1 h time point after ICH. (C) demonstrates the forelimb
placing test scores were increased in the fimasartan group from day 1 to day 3 compared
with the scores at the 1 h time point after ICH. (D) The brain water content of the fimasartan
groups was lower than that of the control group in the hemorrhagic hemisphere (n = 8 for the
control group and n = 12 for fimasartan groups). (E, F) The hemorrhage volume was not
different in the low-dose and regular-dose 1.0 mg/kg fimasartan group compared to that in
the control group, but a reduction in the 3.0 mg/kg fimasartan group. n = 8 per group; *p <.
05, ** p<.01, *** p < .001.
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Fimasartan attenuated the ICH-induced NF-xB pathway activation and downstream
molecular COX-2. Twenty-four hours after ICH, the density of NF-xB (B) and COX-2 (D)
in the control group was higher than in the sham group. After administration of low-dose
fimasartan, the density of these activations in the fimasartan group was lower than in the
control group. The density of IxB (C) in the control group was lower than in the sham
group, and that of the fimasartan group was higher than in the control group. Data are
presented as the mean = SEM from three independent experiments n = 4 per group; *p <.
05, ** p<.01, *** p < .001.
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Fimasartan attenuated ICH-induced NLRP3 inflammasome activation. Twenty-four hours
after ICH, the density of NLRP3 (B), ASC (C), caspase-1 (D) and IL-1p (E) in the control
group was higher than in the sham group. After administration of low-dose fimasartan, the
density of these inflammasome components in the fimasartan group was significantly lower
than in the control group. Data are presented as the mean + SEM from three independent
experiments. n = 4 per group; * p <.05, ** p <.01, *** p <.001.
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Fig. 5.
Fimasartan inhibited ICH-induced expression of NLRP3 inflammasome mRNA and release

of pro-inflammatory cytokines. Twenty-four hours after intracerebral hemorrhage (ICH), the
MRNA expression of NLRP3 (A), ASC (B), and caspase-1 (C) and the release of pro-
inflammatory cytokines IL-1p (D) and TNF-a (E) were higher in the control group than in
the sham group. 30-day administration of low-dose fimasartan reduced the expression of
NLRP3 mRNA and subsequent release of cytokines. The RT-PCR results are expressed as a
fold change relative to the control group. Data are presented as the mean = SEM from three
independent experiments. n = 5 per group; * p < .05, *** p < .001.
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Fig. 6.
Fimasartan reduced activation of NLRP3 inflammasome largely in activated microglia

within one day of ICH. Double labeling immunofluorescence staining images showed co-
labeling for NLRP3 (A), and Iba-1 merged with DAPI around the hematoma in brain
cryosections. Representative microphotographs show NLRP3 was activated in microglia
cells labeled by Iba-1. Analysis of NLRP3 inflammasome immunoreactivity in the microglia
expressed as a number of NLRP3 and Iba-1 positive cells (B). An increase in the proportion
of the area positively stained with the Iba-1 antibody was used to measure microglia
activation. Data are presented as mean + SEM. Scale bar = 50 um. n =5 per group; **p <.
01.
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Fig. 7.

Fimasartan downregulated the hemolysate-induced activation of the NLRP3 inflammasome
in microglia. The density of NLRP3 (B), ASC (C) and caspase-1 (D) in the hemolysate
alone group were higher than in the control group. After pretreatment with fimasartan, the
density in the fimasartan group was significantly lower than in the hemolysate alone group.
Data are presented as the mean + SD from three independent experiments. * p < .05, **p <.

01, *** p <.001.
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Fig. 8.

A%ypothetical mechanism for the fimasartan attenuation of NLRP3 inflammasome
activation in response to ICH. Intracerebral hemorrhage (ICH) induces the inflammatory
response of microglia via activating 2 signals. The priming signal, that is the NF-xB
pathway, releases the cytokines pro-IL-1p and TNFa. The second signal assembles the
NLRP3 inflammasome and cleaves caspase-1 into the active form, which subsequently
promotes the pro-IL-1p into the maturation IL-1p. Pretreatment with low-dose fimasartan
reduces the secondary damage induced by acute ICH via downregulating the activation of
the two signals.
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Table 1
List of antibodies.
Antibody  Supplier, catalogno. Host WB IF
NLRP3 Santa Cruz, sc-66,846  Rabbit  1:200 1:50
ASC Santa Cruz, sc-22,514 Rabbit  1:200 1:100
Caspase-1  Abcam, ab1872 Rabbit  1:200 1:50
IL-18 Abcam, ab9722 Rabbit  1:1000 -
IL-18 Santa Cruz, sc-7954 Rabbit  1:200 -
NFxB Abcam, ab7970 Rabbit  1:1000 -
1xB Cell Signaling, 9242 Rabbit  1:1000 -
COX-2 Abcam, ab15191 Rabbit  1:1000 -
GFAP Cell Signaling, 3670 Mouse - 1:200
Iba-1 Santa Cruz, sc-28,528  Goat - 1:50
Actin Bioworld, BSAP0060 Rabbit 1:10,000 -

WB, Western Blot; IF, Immunofluorescence.
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