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Abstract

Neuroinflammation is a major contributor to intracerebral hemorrhage (ICH) progression, but no
drug is currently available to reduce this response and protect against ICH-induced injury.
Recently, the natural product pinocembrin has been shown to ameliorate neuroinflammation and is
undergoing a phase II clinical trial for ischemic stroke treatment. In this study, we examined the
efficacy of pinocembrin in an ICH model, and further examined its effect on microglial activation
and polarization. In vivo, pinocembrin dose-dependently reduced lesion volume by 47.5% and
reduced neurologic deficits of mice at 72 h after collagenase-induced ICH. The optimal dose of
pinocembrin (5 mg/kg) suppressed microglial activation as evidenced by decreases in CD68-
positive microglia and reduced proinflammatory cytokines tumor necrosis factor (TNF)-a.,
interleukin (IL)-1pB, and IL-6. Pinocembrin also reduced the number of classically activated M1-
like microglia without affecting M2-like microglia in the perilesional region. Additionally,
pinocembrin decreased the expression of toll-like receptor (TLR)4 and its downstream target
proteins TRIF and MyD88. The protection by pinocembrin was lost in microglia-depleted mice
and in TLR4!Ps-del mice, and pinocembrin failed to decrease the number of M1-like microglia in
TLR4!Ps-del mice. In lipopolysaccharide-stimulated BV-2 cells or primary microglia, pinocembrin
decreased M1-related cytokines and markers (IL-1p, IL-6, TNF-a, and iNOS), NF-xB activation,
and TLR4 expression, but it did not interfere with TLR4/MyD88 and TLR4/TRIF interactions or
affect microglial phagocytosis of red blood cells. Inhibition of the TLR4 signaling pathway and
reduction in M1-like microglial polarization might be the major mechanism by which pinocembrin
protects hemorrhagic brain. With anti-inflammatory properties, pinocembrin could be a promising
new drug candidate for treating ICH and other acute brain injuries.
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1. Introduction

Intracerebral hemorrhage (ICH) is a significant cause of morbidity and mortality throughout
the world (Morgenstern et al., 2010; Palacio and Hart, 2011). However, developing a
targeted therapy or an effective drug to improve ICH outcomes remains a challenge. One
potential target is the toll-like receptor (TLR) family. TLRs play an important role in the
innate immune system (Avila and Gonzalez-Espinosa, 2011; Garcia-Bonilla et al., 2014),
and TLR4 has been shown to be associated with ICH development (Kong and Le, 2011;
Lively and Schlichter, 2012). It has been reported that elevated TLR4 is associated with poor
outcomes of ICH (Fang et al., 2014; Rodriguez-Yanez et al., 2012; Yuan et al., 2015) and
that TLR4 inhibition decreases secondary inflammatory damage after ICH (Wang et al.,
2013b). Although it is known that lipopolysaccharide (LPS) is an exogenous ligand of
TLR4, to date, no antagonist has shown success in clinic trials. Therefore, the feasibility of
using TLR4 as a drug target for ICH needs further study.

In the brain’s initial immune response of defense against ICH injury, microglia are rapidly
activated and accumulate in the lesion site where they recruit other immune cells (Lan et al.,
2011; Wang and Dore, 2007). However, the roles of activated microglia in ICH are still
debated. Activated microglia/macrophages exhibit different phenotypes in different
microenvironments and provide distinct functions (Boche et al., 2013; Zhang et al., 2016). In
particular, M 1-polarized microglia/macrophages are considered “classically activated”
phenotypes that can increase proinflammatory cytokines and upregulate reactive oxygen and
nitrogen species. In contrast, M2-polarized microglia/macrophages secrete anti-
inflammatory cytokines and growth factors (Miron et al., 2013; Zhang et al., 2016), exerting
the opposite effects of M1 microglia (Shechter and Schwartz, 2013). Studies have shown
that in ischemic stroke, M2 microglia appear early in response to injury and later transition
to an M1 phenotype (Hu et al., 2012; Perego et al., 2011). However, microglial polarization
in ICH has not been well characterized.

Previous studies have shown that pinocembrin (5, 7-dihydroxyflavanone, Supplementary
Fig. 1), a natural product extracted from propolis, is able to protect against cerebral ischemia
by providing neuroprotection (Shi et al., 2011; Wu et al., 2013), decreasing oxidative stress
(Liu et al., 2008), improving neurovascular unit function (Liu et al., 2008; Meng et al.,
2011), and increasing expression of soluble epoxide hydrolase (Wang et al., 2013a). It also
inhibits neuroinflammation by downregulating the receptor for advanced glycation end
products (RAGE) and related downstream molecules (Liu et al., 2014, 2012). Importantly,
pinocembrin is able to pass through the blood-brain barrier (BBB) by a passive transport
process partly conducted by P-glycoprotein (Yang et al., 2012). Based on these data, the
State Food and Drug Administration of China approved clinical trials of pinocembrin for
ischemic stroke, and it is now in Phase II clinical trials (https://clinicaltrials.gov/ct2/show/
NCT02059785).

Current data indicate that pinocembrin, which has been chemically synthesized (Lan et al.,
2016), might be promising for ICH treatment. However, its efficacy in the ICH model
remains to be determined because the pathogenesis of ICH is different from that of ischemic
stroke. Moreover, the therapeutic target of pinocembrin is still unknown, its mechanisms of
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action are unclear, and its effects on microglial activation and polarization must be
ascertained. Here, we tested pinocembrin in a mouse model of ICH and found that it reduced
inflammatory response in vivo and in vitro primarily by reducing TLR4 expression. In
addition, we observed different microglial phenotypes in wild-type (WT) and TLR4!ps-del
mice subjected to ICH and showed how pinocembrin protects against ICH injury primarily
by suppressing M1 microglial polarization via TLR4 inhibition, suggesting that it might be
an effective drug to treat ICH.

2. Materials and methods

2.1. Animals

All animal experiments were conducted in accordance with guidelines from the National
Institutes of Health and were approved by the Institutional Animal Care and Use Committee
at Johns Hopkins University School of Medicine. Adult male WT C57BL/6 mice (8—-10
weeks old) were purchased from Charles River Laboratories (Frederick, MD). TLR4Ps-del
male mice on C57BL/6 background were obtained from The Jackson Laboratory.
CX3CR19FP/+ male mice on C57BL/6 background (8—10-week old) obtained from Dr.
Jonathan Bromburg (University of Maryland, Baltimore, MD) were used for visualization of

microglia.

2.2. ICH mouse model

After anesthetizing mice with 1-3% isoflurane and ventilating them with oxygen-enriched
air (20%:80%) via a nose cone, we injected collagenase VII-S (0.075 U in 0.5 pl sterile
saline, Sigma-Aldrich) into the striatum (0.1 pl/min) at the following coordinates relative to
the bregma: 0.8 mm anterior, 2 mm lateral, and 2.8 mm deep (Chang et al., 2014; Zhao et
al., 2015b). Core body temperature was maintained at 37.0 = 0.5 °C throughout the surgery
and recovery periods with a DC Temperature Controller 40-90-8D (FHC Inc. ME). Sham
control mice received the same treatment, including needle insertion, but without
collagenase injection.

2.3. Pinocembrin administration

Pinocembrin (purity > 99%), a kind gift from Dr. Guanhua Du (Institute of Materia Medica,
Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China),
was dissolved in 20% hydroxypropyl-B-cyclodextrin (HP-B-CD, Sigma-Aldrich) as
described previously (Lan et al., 2016; Liu et al., 2014). Animals were randomly assigned
(http://www.randomizer.org/) to receive pinocembrin (2.5, 5, 10 mg/kg) or vehicle via tail
vein (i.v.) at 2 h after ICH and then twice daily until euthanasia. The delivery route, dosing,
and treatment regimens were based on previous work (Lan et al., 2016; Zhao et al., 2014)
and our pilot studies. We divided animals into four groups: 1) Sham+vehicle: mice that were
injected with saline intrastriatally plus i.v. injection of 20% HP-B-CD; 2) Sham+Pino: mice
that were injected with saline intrastriatally plus i.v. injection of pinocembrin; 3) ICH
+vehicle: mice that underwent ICH induction plus i.v. injection of 20% HP-B-CD, 4) ICH
+Pino: mice that underwent ICH induction plus i.v. injection of pinocembrin. In another set
of experiments, TLR4!P$-4¢l mice and WT mice underwent ICH induction and were treated
with either pinocembrin (5 mg/kg) or 20% HP-B-CD. Subgroups of mice that were depleted
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of microglia (Fernandez-Lopez et al., 2016) underwent ICH induction and were treated with
either pinocembrin (5 mg/kg) or 20% HP-B-CD (Supplementary methods 1). Investigators
blinded to the treatment groups evaluated outcomes in all mice and performed data analysis.
All mice were included (n = 269), but those in which ICH induction failed or that died
before the end of the study (n = 13) were excluded from the final data analysis.

2.4. Assessment of ICH outcome

2.4.1. Behavior experiments—Neurologic deficits of mice were evaluated by a 24-point
scoring system, the wire hanging test, and the corner turn test on days 1 and 3 post-ICH
(Cheng et al., 2016; Zhu et al., 2014). All behavior tests were performed in a blinded
manner.

2.4.2. Lesion volume and hematoma size—At 3 days after ICH induction, brain
lesion volume was assessed with Luxol fast blue staining as we previously described (Chang
etal., 2014; Wu et al., 2012). At 3 or 5 days post-ICH, brains were cut into 1-mm sections,
and we evaluated hematoma clearance by measuring hematoma size in the striatum (Wang et
al., 2003).

2.4.3. Brain water content—At 3 days after ICH induction, brain water content was
measured as a surrogate for brain edema. It was calculated as [(wet weight — dry
weight)/wet weight] x 100% (Han et al., 2016).

2.5. Immunostaining

2.5.1. Immunostaining of brain tissue—Mouse brain was cut into 30-um-thick coronal
sections for immunostaining as described previously (Han et al., 2016). Sections were
incubated overnight at 4 °C with primary antibodies to CD68 (rat anti-mouse, 1:200, AbD
Serotec), Ibal (rabbit, 1:500, Wako), CD16/32 (mouse, 1:100, BD Biosciences), YM-1
(rabbit, 1:200, Stemcell), YM-1 (rat, 1:200, R&D Systems), or TLR4 (mouse, 1:100,
Abcam) and then for 90 min with Alexa Fluor 594 secondary antibody (goat anti-rabbit, goat
anti-mouse, or goat anti-rat, 1:1000, Life Technologies). Sections were mounted with
VECTA-SHIELD mounting medium (which contained DAPI for fluorescence) and
examined under a Nikon Eclipse 90i fluorescence microscope. Omission of the primary
antibody was used as a control.

An investigator blinded to treatment group analyzed the number of microglia and double-
labeled cells in a defined region of interest in the striatum around the hematoma (Chang et
al., 2014; Zhao et al., 2015b). Brain sections with similar lesion areas were selected. Cell
counts and colocalization of CD68%, CD16/32%, YM-1*t/CX3CR1 (GFP) and CD68",
CD16/32%, YM-1%/Ibal* were analyzed with ImageJ software (1.4, NIH). Positive cells
from five optical fields at 20 x 10 magnification in each of the three sections per animal
were averaged. Cell densities per square millimeter were calculated.

2.5.2. Immunostaining of primary microglia—CX3CR 1P+ mouse primary
microglia were fixed with 4% paraformaldehyde (PFA), blocked with 5% bovine serum
albumin (BSA), and incubated with primary antibody to NF-xB p65 (1:400, CST) or TLR4
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(1:100, Abcam) at 4 °C overnight. Microglia were then incubated at room temperature with
appropriate secondary antibody (Alexa Fluor 594 goat anti-rabbit or goat anti-mouse,
1:1000, Life Technologies) for 1 h. Cell nucleus was stained with DAPI.

Concentrations of proinflammatory cytokines (IL-1f, IL-6, and TNF-a) in brain tissue or
cell culture medium were measured by ELISA (R&D System) (Chang et al., 2014; Wang et
al., 2003).

2.7. Magnetic-activated cell sorting (MACS) and Western blot analysis

For microglial isolation, we dissociated brain tissue by MACS (Held-Feindt et al., 2010; Lee
and Lufkin, 2012) using the Gentle-MACS Dissociator and Neural Tissue Dissociation kit
(Miltenyi Biotec). Three coronal hemorrhagic or uninjured brain sections (4-mm thickness
in total) were collected for microglial isolation. Single-cell suspensions were incubated with
anti-myelin immunoglobulin-conjugated magnetic microbeads (Myelin Removal Kit;
Miltenyi Biotec) to remove myelin. Cells were then incubated with CD11b MicroBeads at

4 °C for 15 min. After the cells were washed, cell supernatants were applied to LS columns
for magnetic separation (Miltenyi Biotech). The isolated microglia were then lysed in RIPA
buffer for Western blot analysis.

For Western blotting, we used antibodies to the following proteins: inducible nitric oxide
synthase (iNOS, 1:1000, Cell Signaling), phospho-NF-xB-p65 (1:1000, Cell Signaling),
phospho-IKKa/B (1:1000, Cell Signaling), IKKa (1:1000, Cell Signaling), IKKB (1:1000,
Cell Signaling), TLR4 (1:200, Santa Cruz), MyD88 (1:200, Santa Cruz), TRIF (1:500,
GeneTex), YM-1 (1:500, Stemcell), B-actin (1:5000, Santa Cruz), and Histone 3 (H3, 1:200,
Santa Cruz). Briefly, equal amounts of protein (50 pg) were separated by 4-20% SDS-PAGE
and transferred onto polyvinylidene fluoride membranes. The membranes were blocked with
5% milk, incubated with primary antibodies at 4 °C overnight, and then incubated with
peroxidase-coupled goat anti-rabbit or anti-mouse secondary antibody (1:5000; CST).
Membranes were immersed in enhanced chemiluminescence (ECL) solution and exposed
under an Image-Quant ECL Imager (GE Healthcare).

2.8. Cell culture and pinocembrin treatment

2.8.1. Mouse primary microglial culture—Newborn CX3CR16FP/+ mice were used to
culture primary microglia as described previously (Bal-Price and Brown, 2001). Briefly,
cortex-striatum was dissected from brain and cut into 1-3-mm? pieces. Cells were
dissociated in D-Hanks’ solution containing 0.25% trypsin (Quality Biological) and plated
onto 75-cm? cell culture flasks at 1 x 107 cells/ml in Dulbecco’s modified Eagle’s medium/
Ham’s F-12 (DMEM/F12, Life Technologies) with 10% fetal bovine serum (FBS, Life
Technologies). After 14 days, microglia were removed from mixed glial cells by shaking at
200 rpm at 37 °C for 4 h and then seeded into 24-well plates. Microglia that were >95%
positive for CX3CR 1" were used in experiments (Supplementary Fig. 2).

2.8.2. Microglial cell line culture—The murine microglial cell line BV-2 (Blasi et al.,
1990; Bocchini et al., 1992) (a kind gift from Dr. Sujatha Kannan, Johns Hopkins University,

Brain Behav Immun. Author manuscript; available in PMC 2017 June 01.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Lan et al.

Page 6

passage <30) was cultured in RPMI 1640 medium supplemented with 10% FBS, 1%
penicillin/streptomycin (Quality Biological), and 2 mM L-glutamine (Quality Biological) at
37 °C and 5% CO,.

2.8.3. Pinocembrin treatment—We found that pinocembrin at doses of 10 uM and
below did not reduce cell viability (Supplementary Fig. 3A and B). Therefore, we pre-
incubated microglia with 1, 3, or 10 uM pinocembrin for 1 h before stimulating them with
LPS (50 ng/ml). After 30 min, we extracted nuclear and cytoplasmic proteins from BV-2
cells to measure NF-xB p65 translocation by Western blot, and used primary microglia to
show NF-xB p65 translocation by immunostaining. After 24 h of LPS stimulation, we
collected whole cell lysates to measure iNOS and TLR4; we used supernatants to detect the
levels of proinflammatory cytokines and nitric oxide (NO).

2.9. Small interfering RNA (siRNA) transfection

At 60% confluence, BV-2 cells were transfected with 10 nM TLR4 siRNA (Origene) or
universal scrambled negative control siRNA (Origene) by using Lipofectamine RNAIMAX
(Life Technologies). At 48 h after transfection, cells were used for various experiments.
(Supplementary Fig. 4)

2.10. Nitric oxide assay

The production of NO-derived nitrite was determined by the Griess reagent kit (BIO-RAD)
as described previously (Drew and Chavis, 2001).

2.11. Immunoprecipitation

BV-2 cells were lysed in NP-40 buffer (Life Technologies) supplemented with protease
inhibitor cocktail (Roche). Cell lysate was incubated with Dynabeads Protein G (Life
Technologies) and TLR4 antibody (Santa Cruz). Immunoblotting was conducted to probe
the resolved complexes with TLR4, MyD88 (Santa Cruz), and TRIF (Imgenex)

2.12, Statistical analysis

3. Results

All data are presented as means + S.D. Comparisons of two groups were analyzed by
unpaired, two-tailed #test. Comparisons among multiple groups were calculated by one-way
ANOVA and Bonferroni multiple comparison post-hoc test. Two-way ANOVA was used to
analyze the effects of multiple factors. A p < 0.05 was considered significant.

3.1. Effect of pinocembrin on body weight and mortality after ICH

The mortality of pinocembrin (5 mg/kg)-treated mice was not different from that of vehicle-
treated mice (Supplementary Table 1). Mice subjected to the ICH model lost weight in the
first 3 days after ICH. Weight gain in pinocembrin-treated mice was significantly greater
than that of vehicle-treated mice (Supplementary Fig. 5).
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3.2. Pinocembrin ameliorates lesion volume, brain edema and neurologic deficits after ICH

Intravenous administration of pinocembrin (5 and 10 mg/kg) significantly reduced lesion
volume on day 3 post-ICH compared with that in vehicle-treated mice (7.11 + 1.46 mm? [5
mg/kg dose] vs. 13.56 + 2.24 mm? [vehicle], p < 0.01, n = 6; Fig. 1A). Because reduction in
lesion volume at 10 mg/kg did not differ from that at 5 mg/kg (p > 0.05; Fig. 1A), we used 5
mg/kg of pinocembrin in subsequent studies. We also measured brain tissue water content in
striatum and used cerebellum as an internal control. Our results showed that pinocembrin
also reduced brain water content in striatum on day 3 post-ICH compared with that in
vehicle-treated mice (78.8 £ 1.0% vs. 81.4 £ 0.5%, p < 0.05, n = 6; Fig. 1B). However,
pinocembrin did not alter hematoma size at day 3 or day 5 post-ICH (7.4 + 1.2 mm?> vs. 7.0
+ 1.7 mm? at day 3, and 2.1 £ 0.9 mm? vs. 2.1 + 0.8 mm? at day 5; both p > 0.05; Fig. 1C),
indicating that pinocembrin does not affect hematoma clearance after ICH. We next
examined the effects of pinocembrin on ICH-induced neurologic deficits. Pinocembrin (5
and 10 mg/kg) significantly reduced neurologic deficit score (p < 0.001, n = 10; Fig. 1D),
increased falling latency in the wire hanging test (p < 0.05, n = 10; Fig. 1E), and decreased
the percentage of left turns in the corner turn test (p < 0.05, n = 10; Fig. 1F) compared with
vehicle treatment on day 3. Moreover, we measured hemoglobin concentration in the
striatum at 24 h after ICH, when hematoma reaches a maximum in this model (Chang et al.,
2014). No significant difference was found between vehicle-treated and pinocembrin-treated
mice (Supplementary Table 2), indicating an equal initial bleeding volume.

3.3. Pinocembrin inhibits microglial activation and proinflammatory cytokine production

after ICH

To understand the cellular mechanisms of cerebral protection by pinocembrin, we measured
microglial activation and proinflammatory cytokine production after ICH. CX3CR 16FP/+
mice were used to visualize microglia. At 24 and 72 h post-ICH, mice were sacrificed, and
lysosome marker CD68 was stained to identify reactive microglia. After 24 h, we observed
that CD68-positive (*) microglia appeared in the perihematomal region; 72 h later, the
number of CD68" microglia increased markedly (p < 0.001, n = 6; Fig. 2A). Almost all
CD68* cells were CX3CRI1/GFP* (Fig. 2A). Pinocembrin significantly reduced the number
of CD68* microglia at both 24 and 72 h compared with the number in the vehicle group
(Fig. 2A), indicating that pinocembrin inhibits microglial activation. Moreover, we collected
brain tissue from the striatum to determine the M1-associated proinflammatory cytokines.
IL-1B (Fig. 2B), IL-6 (Fig. 2C), and TNF-a (Fig. 2D) levels increased markedly after 6 h of
injury, but pinocembrin significantly reduced the levels of these cytokines at 6, 24, and 72 h
(p<0.05,n=06).

To confirm whether the effects of pinocembrin on microglia are critical for neuroprotection
after ICH, we used clodronate liposome to deplete microglia from the striatum of mice one
day before ICH induction (Supplementary Fig. 6A). Notably, pinocembrin did not reduce
lesion volume (p > 0.05; Supplementary Fig. 6B) or brain water content (p > 0.05;
Supplementary Fig. 6C) in microglia-depleted mice after ICH.
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3.4. Pinocembrin inhibits microglial M1 polarization after ICH

Next, using CX3CRI1CFP/+ mice, we explored microglial polarization after ICH. Brain
sections were immunostained for CD16/32 (M1-like marker) or YM-1 (M2-like marker).
Activated microglia were defined based on cell morphology and a cell body diameter cutoff
of 7.5 um (Wang et al., 2008). We observed CD16/32" microglia dispersed in the
perihematomal region at 24 h and 72 h post-ICH. At 72 h post-ICH, the number of
CD16/32" microglia increased compared with that at the 24 h time point, and they were
concentrated around the hematoma (n = 6, p < 0.05; Fig. 3A). In contrast, YM-1" microglia
were present around the hematoma at 24 h and had significantly increased in number at 72 h
(Fig. 3B). Although the number of CD16/32% microglia was elevated, the proportion of
CD16/32* microglia was lower at 72 h than that at 24 h, whereas the proportion of YM-17*
microglia increased at 72 h. Pinocembrin reduced the proportion of CD16/32* microglia, but
did not change the proportion of YM-1* microglia.

We next used MACS to sort CD11b* cells, and collected CD11b* cell lysate for Western
blotting. Our results showed that both iNOS (M1-like marker) and YM-1 were increased at
72 h after ICH, but pinocembrin (5 mg/kg) only decreased iNOS expression (Fig. 3C).

3.5. Pinocembrin protects ICH brain primarily by inhibiting TLR4 activation

TLR4 has been shown to regulate neuroinflammation and affect microglial morphology in
the central nervous system. Therefore, to probe the molecular mechanism by which
pinocembrin inhibits microglial activation and polarizes M1 microglia, we measured TLR4
expression in the ICH brain. Immunostaining showed that pinocembrin significantly reduced
TLR4 expression at 24 h (Fig. 4A). Western blot analysis showed that expression levels of
TLR4 and its downstream targets MyD88 and TRIF were elevated at 6 h post-ICH;
pinocembrin reduced TLR4 and TRIF expression but did not alter MyD88 expression. At 24
h post-ICH, elevations in TLR4 and MyD88 were reversed by pinocembrin, and at 72 h
post-ICH, elevations in TLR4 and TRIF were reversed by pinocembrin (Fig. 4B).

Next, to confirm whether TLR4 is a major molecular target of pinocembrin, we administered
pinocembrin (5 mg/kg) to TLR4!PS-del mice. On day 3 post-ICH, the injury volume and
brain water content were lower in TLR4!PS-del mice than in WT mice (Supplementary Fig.
7A and B). Of note, when compared with two-tailed #test, pinocembrin-treated TLR4lps-del
mice had significantly smaller injury volume (8.75 * 1.02 mm?> vs. 10.89 + 1.15 mm?, p <
0.05, n = 6 mice/group; Fig. 4C) and lower brain water content (77.9 + 0.4% vs. 78.9
+0.6%, p < 0.05, n = 6 mice/group; Fig. 4D) than did the vehicle-treated TLR4!Ps-d¢l mjce.
However, when differences were compared among the four groups with the two-way
ANOVA post hoc test (Fig. 4E), the reductions in lesion volume (Fig. 4E) and brain water
content (Supplementary Fig. 7C) were not significantly different between pinocembrin- and
vehicle-treated TLR4'PS-d¢l mice (both p > 0.05). In behavior tests, pinocembrin decreased
the neurologic deficit score at 72 h post-ICH (p < 0.05, n = 10 mice/-group; Fig. 4F).
However, it failed to show an effect in the falling latency test (n = 10; Fig. 4G; falling
latency in the TLR4'PS-del sham group: 70 + 18.5 s at 24 h and 58 + 12.9 s at 72 h) or corner
turn test (Fig. 4H; percentage of left turns in the TLR4PS-4¢l sham group: 48 + 3.2% at 24 h
and 43 £ 5.1% at 72 h). Together, these results indicate that, even if the protection of
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pinocembrin after ICH does not solely depend on inhibition of TLR4 signaling, it is the
major mechanism of action of pinocembrin against ICH injury.

3.6. Pinocembrin modulates microglial activation and polarization in TLR4!Ps-del mice after

ICH

We further investigated the effects of pinocembrin on microglial activation and polarization
after ICH in TLR4'PS-d¢l mice. Pinocembrin was administrated to TLR4'PSd¢l mice at 2 h
after ICH. We used Ibal to stain microglia. Immunostaining for CD68%, CD16/32%, and
Ym-1*/Ibal in the sham TLR4!PS-d¢l mice was similar to that in WT mice. Pinocembrin
suppressed microglial activation as evidenced by a reduction in CD68/Ibal
immunoreactivity on day 3 post-ICH (p < 0.01, n = 6 mice/group; Fig. 5A). More
importantly, it failed to decrease the number of CD16/32* microglia in the ICH brain of the
TLR4!Ps-del mice (p > 0.05, n = 6 mice/group; Fig. 5B), but it increased the number of the
YM-1* microglia (p < 0.05, n = 6 mice/group; Fig. 5C).

3.7. Pinocembrin mitigates LPS-induced microglial M1 polarization but does not affect
microglial phagocytosis of red blood cells in vitro

Microglia can be stimulated by LPS to an M1 phenotype. We cultured both mouse primary
microglia and BV-2 microglial cell line to determine whether pinocembrin reduces
microglial M1 polarization in vitro. In primary microglia and BV-2 cells stimulated with
LPS (50 ng/ml), pretreatment with pinocembrin dose-dependently inhibited secretion of
proinflammatory cytokines (IL-1f, IL-6, and TNF-a; n =5, p < 0.001; Fig. 6A and B) and
NO production (Fig. 6C and D). Additionally, 10 uM pinocembrin significantly decreased
the expression of iNOS in BV-2 cells (p < 0.01, n = 5; Fig. 6E). Next, we examined the
effects of pinocembrin on microglial phagocytosis of red blood cells in vitro. Our results
showed that pinocembrin (10 uM) did not affect the uptake of red blood cells by cultured
primary microglia (Supplementary Methods 2 and Supplementary Fig. 8).

To further explore the mechanisms of action of pinocembrin in microglial proinflammatory
signaling, we examined the effects of pinocembrin on the NF-xB signaling pathway, which
lies downstream of TLR4 and upstream of proinflammatory cytokines and iNOS.
Pinocembrin (10 uM) reduced the phosphorylation of NF-xB subunit p65 in the nucleus
(pP65, Fig. 6F), decreased levels of phosphorylated IKKa/B (pIKK, Fig. 6G), which
complexes with NF-xB, and increased the expression of NF-xB inhibitor IxBa (Fig. 6H). In
primary microglia, p65 transcript was seen in the nucleus 30 min after LPS exposure, but
pinocembrin (10 M) almost abolished p65 transcription (Fig. 61), suggesting that NF-«xB is
a primary target of pinocembrin under this in vitro condition.

3.8. Pinocembrin decreases TLR4 expression, but not TLR4/MyD88 or TLR4/TRIF
interaction in LPS-stimulated microglia

TLR4 regulates IKK expression through MyD88-dependent and -independent pathways.
Therefore, we next asked whether TLR4 is a target of pinocembrin in vitro, and how
pinocembrin affects TLR4 and its downstream target NF-xB. Our results showed that 1, 3,
and 10 uM pinocembrin significantly reduced TLR4 expression in LPS-stimulated BV-2
cells (Fig. 7A). Immunostaining for TLR4 in pinocembrin-treated primary microglia showed
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a similar trend toward a decrease in LPS-induced TLR4 compared to that with LPS alone
(Fig. 7D).

To further study the effect of pinocembrin on the relationship between TLR4 and NF-xB, we
silenced TLR4 with siRNA in the BV-2 cell line (Supplementary Fig. 4). In control cells that
were transfected with scrambled siRNA, 30 min of LPS stimulation caused a sharp increase
in pP65 expression that was reduced markedly by 10 uM pinocembrin. TLR4 siRNA
transfection significantly reduced LPS-stimulated NF-xB activation. When BV-2 cells were
co-treated with TLR4 siRNA and pinocembrin, the phosphorylation of p65 was further
reduced (Fig. 7B), indicating that TLR4 might be a primary target of pinocembrin, but not
the sole regulator of the NF-xB signaling pathway.

Finally, we investigated the effect of pinocembrin on crosstalk between TLR4 and NF-xB by
performing immunoprecipitation to determine whether pinocembrin influences the
interaction between TLR4 and MyD88 or TRIF. The interaction between TLR4 and MyD88/
TRIF did not differ significantly between the LPS group and the pinocembrin group (Fig.
7C, Supplementary Fig. 9), suggesting that pinocembrin only decreases TLR4 expression
without affecting its interaction with MyD88 or TRIF.

4. Discussion

This is the first study to test the efficacy of pinocembrin in a mouse model of ICH and to
elucidate its potential mechanism of action. We showed that pinocembrin improved early
ICH outcomes at 72 h in vivo. However, it did not affect hematoma clearance in WT mice
and failed to ameliorate early ICH injury in microglia-depleted mice. Pinocembrin inhibited
TLR4 expression in WT mice but only minimally reduced injury volume, brain edema, and
neurologic deficits in TLR4!PSd¢l mice with ICH. Furthermore, pinocembrin decreased
microglial activation and proinflammatory cytokine production at 6, 24, and 72 h post-ICH
in WT mice. Notably, pinocembrin suppressed microglial polarization to M1 phenotype. In
TLR4!Ps-del mice, although pinocembrin failed to decrease M1 microglia, it reduced
microglial activation and increased M2 phenotype microglia. In vitro, pinocembrin inhibited
proinflammatory cytokine production in LPS-stimulated BV-2 cells and primary microglia,
but it did not affect microglial phagocytosis of red blood cells. Additionally, it reduced
TLR4 expression in vitro, which led to the downregulation of NF-xB activation. This action
decreased phosphorylated IKK, increased IxB expression, and interfered with NF-xB
transcription but did not interfere with the interaction between TLR4 and MyD88 or TRIF.
These novel findings indicate that TLR4 is a major target of pinocembrin and that decreases
in M1 phenotype microglia are critical for protection by pinocembrin against ICH injury
(Fig. 8).

Pinocembrin acts at multiple targets (Lan et al., 2016) and has been shown to offer
protection after cerebral ischemia (Shi et al., 2011; Wu et al., 2013). We demonstrated here
that pinocembrin can significantly improve neurologic function, lessen brain injury volume,
and decrease brain water content of ICH mice in vivo. These results provide a strong
rationale for pinocembrin to be used in ICH treatment. In vivo, pinocembrin decreased the
expression of TLR4, MyD88, and TRIF, and in vitro, it also reduced TLR4 expression and
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downregulated the NF-xB signaling pathway. Although pinocembrin-treated TLR4!Ps-del
mice exhibited a statistically significant reduction in injury volume and brain edema after
ICH when compared to vehicle-treated TLR4!PS-4¢l mice (analyzed by two-tailed £test), the
differences disappeared when we performed a two-way ANOVA post-hoc test among the
four groups (WT+Veh, WT+Pino, TLR4!Ps-dely Veh, and TLR41PS'del+Pino). These data
indicate that pinocembrin primarily targets TLR4, although its protection against ICH might
be not solely dependent on TLR4 activation. It is unknown whether TLR4 activation
modulates microglial M1 polarization after ICH.

Although pinocembrin was reported to have an anti-inflammatory effect in the central
nervous system (Cheng et al., 2016; Gao et al., 2010), it is unclear whether it targets
microglia. Cellular inflammatory responses, and microglial activation in particular,
contribute to ICH-induced secondary brain injury (Wang and Dore, 2007; Wu et al., 2010).
‘We have shown previously that inhibition of microglial activation improves histologic and
functional outcomes after ICH (Wang et al., 2003; Wang and Tsirka, 2005). However, when
striatal microglia were depleted by clodronate liposome, pinocembrin did not reduce injury
volume or brain water content after ICH. This finding supports the notion that changes in
microglial polarity underlie the protective action of pinocembrin. We provide evidence in
this study that pinocembrin effectively decreases the number of CD68% microglia in the peri-
ICH region, indicating that it can inhibit microglial activation after ICH. Moreover,
pinocembrin inhibits proinflammatory cytokine levels (IL-1pB, IL-6, and TNF-a.) in vivo and
in LPS-stimulated M1 microglia in vitro. Therefore, additional study of the effects of
pinocembrin on microglial polarization will be particularly important.

In a blood injection model of ICH (Wan et al., 2016), global expression of CD16 and iNOS
was increased after 4 h, and CD206 and YM-1 expression was increased after 24 h. On day
4 post-ICH, mRNA levels of proinflammatory cytokines were upregulated, whereas M2
markers did not exhibit a significant change. However, the time course of change in specific
microglial M1-/M2-like polarization is still unknown. In our study, we found that both M 1-
like (CD16/32) and M2-like (YM-1) markers began to be expressed in CX3CR1* microglia
at 24 h after injury. In addition, the changes in M1-like and M2-like markers showed
different trends. Specifi-cally, on day 1, most of the microglia migrating to or activated
around the hematoma were M1 phenotype. After 3 days, although the total number of M1
microglia was higher than it had been on day 1, the percentage of M1 microglia was
decreased, and the percentage of M2 microglia was increased. The fact that the number of
activated microglia (CD68") increased from day 1 to day 3 indicates that microglia might
experience an M1-to-M2 transition in the first 3 days post-ICH.

After transient cerebral ischemia, M1 microglia increase from day 3 onward, whereas M2
microglia start to appear on day 1 and persist for 7 days (Hu et al., 2012). In recent years, it
was reported that an M2-to-M1 microglia/macrophage switch occurs in spinal cord injury
(Kigerl et al., 2009) and ischemic stroke (Hu et al., 2012), whereas a mixed M1 and M2
population is seen in traumatic brain injury (Morganti et al., 2016; Zanier et al., 2016). The
microglial M1-to-M2 phenotype transition we observed in the ICH brain may result from
phenotypic transformation of microglia in the early stage of ICH or result from M2-like
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microglial migration or M2-like macrophage infiltration. These possibilities deserve further
study.

In the ICH brain, TLR4 is upregulated mainly in microglia (Lively and Schlichter, 2012).
The deletion of TLR4 improves ICH outcomes via inhibition of the NF-xB signaling
pathway in the blood-injection ICH model (Lively and Schlichter, 2012). Furthermore,
TLR4 activation has been shown to be essential for M1 microglial polarization in glioma
stem cells in vivo (a Dzaye et al., 2016) and in BV-2 cells in vitro (Gong et al., 2016; Wang
et al., 2016). Our data show that pinocembrin decreases M1 phenotype micro-glia, as
evidenced by decreases in the number of the CD16/32% microglia and iNOS expression in
MACS-sorted CD11b* microglia. However, this effect of pinocembrin was abolished in
TLR4!Ps-del mice with ICH, indicating that pinocembrin reduced microglial M1 polarization
mainly by TLR4 inhibition.

M2 phenotype microglia have been demonstrated to be efficient phagocytes in brain. Anti-
inflammatory cytokine IL-4 is able to promote the cleanup of ischemic debris by stimulating
microglial M2 polarization (Zhao et al., 2015a). In an Alzheimer’s disease model, Ap
plagues are phagocytosed and cleared by M2 phenotype microglia (Mandrekar-Colucci et
al., 2012). In our study, pinocembrin did not affect hematoma clearance in vivo or
phagocytosis of red blood cells in vitro. These results are supported by our data showing that
pinocembrin does not change the proportion of M2 phenotype microglia in WT mice.
Interestingly, pinocembrin was able to increase M2 (YM-1%) phenotype microglia when
TLR4 was deleted. This result suggests that pinocembrin might have the potential to
promote microglial M2 polarization but that this capability is inhibited by the activation of
TLR4 in the ICH brain of WT mice.

We demonstrated in vitro that pinocembrin inhibits NF-xB translocation by decreasing
phosphorylated IKKa/B, thus causing an increase in IxB expression. This activity can be
explained by the pinocembrin-induced reduction of TLR4 expression. We further used
immunoprecipitation to measure the interaction between TLR4 and MyD88 or TRIF.
Interestingly, pinocembrin did not affect MyD88 or TRIF interaction with TLR4, indicating
that pinocembrin does not act through a MyD88- or TRIF-dependent mechanism, but only
by inhibiting TLR4 expression. Moreover, when TLR4 was silenced, pinocembrin was still
able to downregulate the phosphorylation of p65 in LPS-stimulated BV-2 cells. This finding
suggests that pinocembrin might not solely target TLR4 in vitro. Together with our in vivo
results obtained in TLR4-deleted mice, our data provide rationale to explore whether
pinocembrin has other targets that promote microglial polarization to M2 phenotype.

In summary, we provide the first preclinical evidence that pinocembrin protects ICH brain
primarily by inhibiting TLR4 activation and microglial M1 polarization. These findings
imply that pinocembrin may hold potential for treating ICH and other acute brain injuries.
Additionally, we characterized microglial activation and polarization at early time points
after ICH. Modulation of microglial polarization after ICH might warrant additional study as
a potential new therapeutic approach.
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Fig. 1.

Pinocembrin improves functional and histologic outcomes in mice subjected to ICH. (A)
Injury volume was determined by staining brain sections with Luxol fast blue. Pinocembrin
(5 and 10 mg/kg) decreased the injury volume on day 3 post-ICH; n = 6 mice/group. Scale
bar = 2 mm. (B) Pinocembrin (5 mg/kg) reduced brain water content in the ipsilateral
striatum compared with that in vehicle-treated controls; n = 6 mice/group. (C) Pinocembrin
(5 mg/kg) did not reduce hematoma size on days 3 and 5 post-ICH. Scale bar = 1 mm. (D)
Neurologic deficit score evaluation (n = 10 mice/group). (E) Wire hanging test (n = 10 mice/
group). (F) Corner turn test (n = 10 mice/group). ##p < 0.001 vs. sham group; *p < 0.05,
*p<0.01, #*p <0.001 vs. vehicle group. All data are presented as mean = S.D.
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Fig. 2.
Pinocembrin inhibits microglial activation and proinflammatory cytokine production in mice

subjected to ICH. All image analysis was performed in the perihematomal region, which
was defined within one 20 field that corresponded to 460 um from the edge of the hematoma
(white lines indicate the border of the hematoma). (A) Fewer CD68* (red) microglia
(CX3CRI, green) were present in ICH brain from pinocembrin-treated mice than in ICH
brain from vehicle-treated mice. ##p < 0.001 vs. 24 h vehicle group; *p < 0.05, ***p <
0.001 vs. the vehicle group at the same time point. Scale bar = 40 um. Pinocembrin
suppressed proinflammatory cytokines IL-1f (B), IL-6 (C), and TNF-a (D) at 6, 24, and 72
h post-ICH. ##p < 0.001 vs. sham group; *p < 0.05, **¥p < 0.001 vs. the corresponding
vehicle group. All data are presented as mean + S.D.; n = 6 mice/group. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3.

Pinocembrin suppresses M1 phenotype microglia in mice subjected to ICH. (A)
Immunostaining of CD16/32 (red) in brain sections at 24 and 72 h post-ICH. (B)
Immunostaining of YM-1 (red) in brain sections at 24 and 72 h post-ICH. #p < 0.05, #p <
0.01 vs. vehicle group at 24 h; *p < 0.05, **p < 0.01 vs. corresponding vehicle group. White
lines in A and B indicate the border of the hematoma. (C) Magnetic-activated cell sorting of
microglia was used to determine the expression of M1 and M2 markers in CD11b* cells.
Western blotting was used to analyze iNOS and YM-1 expression. #p < 0.05, #p <
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0.01, ##5 < 0.001 vs. sham group; ***p < 0.001 vs. vehicle group. All data are presented as
mean + S.D.; n = 6 mice/group. Scale bar = 40 um.
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Fig. 4.

Pinocembrin decreases TLR4 expression in WT mice subjected to ICH and has limited

protection in TLR4'PS-del mice. (A) Immunostaining of TLR4 (red) in brain sections at 24 h
post-ICH. White lines indicate the border of the hematoma. Red: TLR4, green: CX3CRI,
blue: DAPI. n = 6 mice/group; ***p < 0.001 vs. vehicle group. Scale bar = 40 um. (B)
Pinocembrin reduced the expression of TLR4, TRIF, and MyD88 post-ICH compared to that
in vehicle-treated mice. n = 6 mice/group; #p < 0.05, #p < 0.01, ##p < 0.001 vs. sham

group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle group. (C) Injury volume in
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TLR4!Ps-del (KO) mice treated with vehicle or pinocembrin. n = 6 mice/group; *p < 0.05 vs.
vehicle-treated KO mice. Scale bar =2 mm. (D) Ipsilateral striatum water content. n = 6
mice/group; *p < 0.05 vs. vehicle-treated KO mice. (E) Injury volume in wild-type (WT)
mice and KO mice treated with vehicle or pinocembrin (5 mg/kg). *p < 0.05, **p < 0.01 vs.
vehicle-treated WT mice (Veh). (F) Neurologic deficit score evaluation. n = 10 mice/group;
*p < 0.05 vs. vehicle-treated KO mice. (G) Wire hanging test. n = 10 mice/group. (H)
Corner turn test. n = 10 mice/group. All data are presented as mean + S.D. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5.
Pinocembrin decreases microglial activation and increases M2 phenotype microglia but does

not decrease M1 phenotype microglia in TLR4'PS-del (KO) mice. (A) Immunostaining of
CD68 (red) and Ibal (green) to show microglial activation. (B) Immunostaining of CD16/32
(red) and Ib1 (green) to show M1 phenotype microglia. (C) Immunostaining of YM-1 (red),
Ibal (green), and DAPI (blue) to show M2 phenotype microglia. The insets represent higher
magnification of the boxed area in the corresponding merged images. White lines in A-C
indicate the border of the hematoma. n = 6 mice/group; *p < 0.05, **p < 0.01 vs. vehicle
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group. Scale bar = 40 um. All data are presented as mean + S.D. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6.

Pi?locembrin decreases proinflammatory mediators released from LPS-stimulated microglia.
Pinocembrin (1, 3, or 10 uM) was added to BV-2 cells (A, C, E, F, G, H) or primary
microglia (B, D, I) 1 h before they were stimulated with LPS (50 ng/ml). (A, B)
Pinocembrin dose-dependently inhibited the secretion of proinflammatory cytokines TNF-a.,
IL-1pB, and IL-6 in LPS-stimulated BV-2 cells (A) and primary microglia (B). (C, D)
Pinocembrin decreased the production of NO in the BV-2 cells (C) and primary microglia
(D). (E) Pinocembrin dose-dependently reduced the expression of iNOS in LPS-stimulated
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BV-2 cells. (F, G, H) Pinocembrin decreased the phosphorylation of nuclear p65 (pP65, F)
and the phosphorylation of IKKa/f (pIKK, G), and increased the expression of IxB-a (H)
in LPS-stimulated BV-2 cells. (I) Pinocembrin reduced p65 (red) transcript in the microglial
(GFP) nucleus (DAPI). Scale bar = 10 um. All data are presented as mean + S.D. of five
independent experiments. ##p < 0.001 vs. control group; *p < 0.05, **p < 0.01, **¥p <
0.001 vs. LPS group. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7.

Pi?mcembrin reduces TLR4 expression but not TLR4/MyD88 or TLR4/TRIF interaction in
LPS-stimulated microglia. (A) Expression of TLR4 in LPS (50 ng/ml)-stimulated BV-2
cells. #p < 0.01 vs. control group; **p < 0.01, *#*p < 0.001 vs. LPS group. (B) TLR4 was
silenced with siRNA in BV-2 cells before 30 min of LPS stimulation. The level of
phosphorylated p65 (pP65) represents the activation of NF-xB. #p < 0.05, #p < 0.01 vs.
control group; **p < 0.01 vs. LPS group; Tp < 0.05 vs. siTLR4 + LPS group. (C)
Immunoprecipitation was used to measure the interaction between TLR4 and MyD88/TRIF.
(D) Primary microglia were stimulated by LPS for 30 min before TLR4 (red) expression was
detected by immunostaining. Microglia were visualized by CX3CR1-GFP (green), and
nuclei were stained with DAPI (blue). #p < 0.05 vs. control group; *p < 0.05 vs. LPS group.
All data are presented as mean + S.D. of five independent experiments. Scale bar = 10 um.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8.
Main mechanisms of pinocembrin action after ICH. Pinocembrin reduces TLR4 expression

but does not affect interactions between TLR4 and MyD88/TRIF. The TLR4 reduction leads
to a decrease in phosphorylated IKK, an increase in [xB, and NF-xB inactivation, which in
turn inhibits downstream inflammatory mediators, thereby inhibiting microglial M1
polarization. Our findings indicate that pinocembrin protects against ICH injury primarily by
reducing M1 phenotype microglia through TLR4 signaling pathways.
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