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Abstract

Intracerebral hemorrhage (ICH) is a devastating cerebrovascular disease with a high mortality rate affecting individuals
worldwide. After ICH, persistent inflammation results in the death of brain cells, as well as the promotion of secondary brain
injury. Verbascoside (VB), an active component in herbal medicine, possesses antioxidant, anti-inflammatory and neuropro-
tective properties. Furthermore, previous studies have shown that VB improves recovery of neuronal function after spinal
cord injury in rats. In this study, we investigated whether VB limited inflammation induced by ICH through the targeting of
NLRP3, which is associated with acute inflammation and apoptosis. Administration of VB reduced neurological impairment
and pathological abnormalities associated with ICH, while increasing cell viability of neurons. This was achieved through
NLRP3 inhibition and microglial activation. VB treatment decreased neuronal damage when co-cultured with microglia.
Furthermore, knockout of NLRP3 eliminated the ability of VB to inhibit inflammation, cell death or protect neurons. Taken

together, VB suppressed the inflammatory response following ICH by inhibiting NLRP3.
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Introduction

Spontaneous or mechanical damage to the brain can cause
intracerebral hemorrhage (ICH) that account for 10-15%
of all strokes [1]. An ICH can be devastating, resulting in
hemiparesis or hemiplegia. Moreover, it is associated with
high morbidity and mortality if not properly treated [2]. The
complicated pathophysiological processes involved in ICH
are associated with primary and secondary brain injuries
[3-5]. A primary injury is characterized by physical com-
pression, hematoma volume and disruption of brain tissues
[6]. A secondary injury is triggered by hematoma toxicity,
acute inflammation and oxidative stress. This leads to micro-
glial activation, mitochondrial dysfunction and neuroinflam-
mation [7-10]. The potential outcomes of these injuries are
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loss of brain cells through apoptosis or autophagy as well as
death. It has been indicated that neuroprotective agents may
be promising therapeutics to alleviate the damage caused by
secondary brain injuries and improve brain function recov-
ery [11-13].

The nucleotide-binding oligomerization domain (NOD)-
like receptor (NLR) pyrin domain-containing protein 3
(NLRP3) is a member of the NLR family and is involved
in activating the inflammasome [14]. It has been reported
that NLRP3 is an essential mediator of the inflammatory
response following ICH [15]. Upon activation of the inflam-
masome, NLRP3 recruits the adaptor protein apoptosis-
associated speck-like (ASC) and pro-caspase-1. Active
caspase-1 then promotes the maturation of interleukin pro-
inflammatory cytokines (e.g. interleukin IL-1p), induced
neuroinflammation and apoptosis [16]. The glycosylated
phenylpropanoid verbascoside (VB) isolated from the
medicinal plant Syringa vulgaris (Oleaceae), exhibits a wide
range of biological activities. In neuroprotection studies, VB
showed anti-inflammatory and neuroprotective effects in a
rodent model of ICH and cerebral ischemia. Previous stud-
ies have also demonstrated that VB reduces brain edema,
blood—brain barrier disruption, inflammatory injury to the
brain and neuronal apoptosis [17]. However, the mechanisms
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underlying the anti-inflammatory effects of VB are unclear.
In this study, we aimed to investigate whether VB can sup-
press neuroinflammation and neuronal apoptosis after ICH
through the inhibition of NLRP3 in a mouse model.

Materials and Methods
Chemicals, Reagents and Antibodies

VB (Shilan biology, Tianjin, China) was resuspended in PBS
and stored in a 4 °C refrigerator. Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), B27 and glu-
tamine were purchased from Gibco (Grand Island, USA).
Antibodies recognizing NLRP3, NF-xB, TNFa, IL-1f and
GAPDH were purchased from Cell Signaling Technology
(Beverly, MA).

ICH Mouse Model

Male C57BL/6 and C57BL/6-NLRP3~~ mice (Nanjing
Model Organism; between 8 and 10 weeks of age and
weighing 22-25 g) were housed at 23-25 °C with a 12/12 h
light—dark cycle along with food and water ad libitum. Stud-
ies performed on mice were authorized by the Animal Ethics
Committee of the Southwest Medical University.

Mice were anesthetized with 1% pentobarbital sodium
(50 mg/kg) using an intraperitoneal injection [18]. After
fixing the mice to a stereotaxic frame, bacterial colla-
genase VII (0.1 U in 0.4 pL; Sigma) was injected into the
right striatum (stereotaxic coordinates: 0.2 mm posterior,
2.8 mm ventral, and 2.2 mm lateral to the bregma) at a rate
of 400 nL/min for 1 min using an infusion pump. The needle
was held in place for 10 min after injection [19]. The crani-
otomy was sealed with bone wax and the scalp was closed
using sutures. Body temperature was maintained at 37 °C
throughout the procedure and mice were given free access
to food and water after the operation. Animals were rand-
omized to sham, ICH + Vehicle, ICH+ VB (30 mg/kg) and
ICH+ VB (60 mg/kg) groups. After ICH induction for 1 h,
30 or 60 mg/kg of VB or regular saline were administrated
to mice intraperitoneally.

Neurological Scoring

To test neurological function in ICH mice, the Modified Gar-
cia Score was used [20] for three consecutive days. Modi-
fied Garcia is composed of the following: (1) spontaneous
activity, (2) symmetry in the movement of four limbs, (3)
forepaw outstretching, (4) climbing, (5) body propriocep-
tion or (6) response to vibrissae touch. The score assigned
to each mouse after evaluation includes the sum of all six

individual test scores. The minimum neurological score was
3 and the maximum was 18.

Assessment of Lesion Volume

Lesion volume was calculated using Image Pro-Plus soft-
ware (Media Cybernetics). Brains were collected 72 h after
ICH. Following perfusion of PBS containing 4% paraform-
aldehyde, serial 1 mm thick slices of mouse brains were pre-
pared. Digital photography of the serial slices was performed
and lesion volume was measured using an image analysis
program (Image Pro-Plus; Media Cybernetics). Total lesion
volume (mm?) was calculated by summing the blood clot
area in each section by the distance between sections.

Assessment of Brain Edema

Brain edema was examined using the wet/dry method per-
formed 3 days after ICH. Mouse brains from each group
were quickly removed from the skull and weighed to obtain
the wet weight. Subsequently, brains were dried in an oven
at 160 °C for 24 h to obtain the dry weight. Water content
was calculated as follows: (wet weight — dry weight)/(wet
weight) X 100% [11].

Reverse Transcription-Quantitative PCR (RT-qPCR)

Cellular RNA was isolated using Trizol (Invitrogen; Thermo
Fisher Scientific, Inc.) [21]. Next, mRNAs were converted
into cDNAs using a PrimeScript RT Reagent kit. The Ste-
pOne Plus device (Applied Biosystems) was used to per-
form RT-PCR using the following conditions: denaturation
at 95 °C for 10 s followed by 40 cycles of 95 °C for 5 s and
60 °C for 20 s using specific primers: PCR was performed
using Taq DNA polymerase (Takara, China) and the follow-
ing primers:

TLR4: 5'-CCATCGGTTGATCTTGGGAGAA-3' (for-
ward) and 5'-TGCCAGAGACATTGCAGA AACA-3'
(reverse)

NF-kB: 5'-CCTTGAAGGGATTTCCCTCC' (forward)
and 5'-GGAACTTCCCTAAAGGGAGG-3' (reverse)
TNFa: 5'-CAGGCGGTGCCTATGTCTC-3' (forward)
and 5'-CGATCACCCCGAAGTTCAGTAG-3' (reverse)
IL-1B: 5'-ATG GCA ACT GTT CCT GAA CTC AAC
T-3' (forward) and 5'-CAGGACAGGTATAGA TTCTTT
CCTTT-3' (reverse)

GAPDH: 5-AGGTCGGTGTGAACGGATTTG-3’ (for-
ward) and 5'-GGGGTCGTTGATGGCAACA-3' (reverse)
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Immunoblotting

Cells lysates or tissues extracted from the ICH lesion
(including the area 1 mm surrounding the ICH lesion) were
lysed in 1x RIPA lysis buffer (CWBIO, China). All protein
samples were separated by electrophoresis on 10% gradient
SDS-PAGE gels and were transferred to PVDF membranes.
Membranes were then blocked in 1x TBST containing 5%
BSA for 1 h at RT, then incubated overnight at 4 °C with
primary antibodies diluted in 5% BSA (1x TBST). After,
membranes were incubated with peroxidase-conjugated
secondary antibody diluted in 1Xx TBST solution. The ECL
chemiluminescence was used to detect protein bands on
membranes (Merck Millipore, German ECL kit).

Immunofluorescence

Immunofluorescence was detected using the primary anti-
bodies Iba-1 and NeuN (Cell Signaling Technology, Beverly,
MA) as previously described [13]. Mice were perfused with
saline, followed by 4% paraformaldehyde under deep anes-
thesia (100 mg/kg sodium pentobarbital) and brains were
sectioned at 20 pm thickness using a cryostat. Sections were
blocked in 5% normal donkey serum diluted in PBS for 1 h
at room temperature and then incubated overnight at 4 °C
with mouse anti-Ibal primary antibodies, followed by being
washed three times with PBS. Neurons were fixed with 4%
paraformaldehyde and blocked in 5% normal donkey serum
diluted in PBS for 1 h at room temperature. Neurons were
then incubated overnight at 4 °C with mouse anti-NeuN pri-
mary antibodies before being washed three times with PBS.
Donkey anti-mouse Alexa-Fluor 555 was used as a second-
ary antibody. Nuclei were counterstained using DAPI for
10 min before imaging. Images were obtained by confocal
microscopy.

TUNEL Staining

To visualize DNA fragmentation as an apoptosis marker,
TUNEL staining was performed using an In Situ Cell Death
Detection kit (Roche, Mannheim, Germany). Sections were
incubated in permeabilization solution containing 0.1%
sodium citrate and 0.1% Triton X-100 at 4 °C for 2 min, fol-
lowed by an incubation with TdT enzyme in reaction buffer
containing TMRred labeled dUTP at 37 °C for 1 h. Finally,
sections were rinsed and visualized using a converter-POD
with 0.03% 3,3’-diaminobenzidine (DAB).

Primary Neuron Cultures

Primary mouse brain cells were isolated from embryonic
C57BL/6 mice aged 12—16 days. Briefly, cortical-striatal

@ Springer

tissue was minced in cold HBSS with 20% FBS before resus-
pending in trypsin containing 100 U/mL DNAse I (Gibco,
USA). Neuronal cells were seeded into poly-p-lysine-coated
flasks supplemented with 2% B27 and 1% glutamine. Neu-
rons were cultured at 37 °C under 5% CO, for 3 days and
harvested 14 days after seeding.

Transwell Co-cultures

Primary neurons and microglial cells were co-cultured using
transwell inserts. Briefly, 2 x 10* BV2 microglial cells were
seeded into the upper chamber and 1 x 10* neurons were
seeded in the lower chamber. Both were cultured in Neu-
robasal Medium (Gibco, USA) supplemented with 2% B27
and 1% glutamine.

Statistical Analyses

Data are presented as mean + SD. One-way ANOVA was
used to compare multiple groups followed by LSD or Dun-
nett’s post hoc test. SPSS 20.0 was used for statistical analy-
ses and a p <0.05 was considered as statistically significant.

Results

VB Decreases the Neurological and Pathological
Deficits Causes by ICH

Before exploring whether VB inhibited inflammation associ-
ated with ICH, we first investigated changes in neurobehav-
ioral function following ICH. ICH mice were treated with
different doses of VB and their neurological deficits were
assessed. No significant differences were observed when
comparing the ICH + vehicle group to ICH mice treated with
a VB dose less than 30 mg/kg. However, when the VB dose
was greater than 60 mg/kg (for example, 120 mg/kg), there
was no additional benefit compared to ICH mice adminis-
tered 60 mg/kg. In summary, 30 and 60 mg/kg VB doses
were chosen to perform subsequent experiments. A VB does
of 60 mg/kg was found to be the optimal dose achieving
maximum protective effects. Moreover, nerve function defi-
cits in injured mice were significantly reduced when treated
with VB in a dose- and time-dependent manner; which was
evaluated using the Garcia scoring method (Fig. 1a).
Similarly, VB significantly decreased intracerebral lesion
volume post-ICH in a dose dependent manner compared to
the ICH group (Fig. 1b). Compared to mice in the sham
group, the brain water content was dramatically elevated
post-ICH, which was reversed by VB in a dose-dependent
manner (Fig. 1c). As expected, VB limited the degree of
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Fig.1 VB reduced neurological and pathological deficits induced by
ICH. (a) Garcia test scores of different groups at the indicated time
points after ICH or sham-operation. (b) Representative images of
brain sections showing lesion areas and quantification of lesion vol-

apoptosis within hemorrhagic lesions and in the periphery
after ICH (Fig. 1d). These results revealed that VB exhibited
neuroprotective effects following ICH induced-pathological
and neurological impairment.

VB Inhibited the Expression Levels of NLRP3
and Inflammatory Mediators While Inhibiting
Microglial Activation

Expression levels of NLRP3, NF-kB, TNF-a and IL-1§
were analyzed in hemorrhagic lesions. All these markers are
involved in inflammatory damage of the brain and are upreg-
ulated after ICH. VB was shown to reverse the increased
mRNA and protein levels of NLRP3, NF-kB, TNF-a and
IL-1p in a dose-dependent manner in ICH mice (Fig. 2a,
b). We hypothesized that microglia, as the primary immune
effector cells in the brain, may be activated to induce inflam-
matory damage following ICH [22]. As expected, VB inhib-
ited the activation of microglial cells following ICH in a
dose-dependent manner (Fig. 2c). These findings suggested
that VB may suppress ICH-induced inflammation by tar-
geting the NLRP3 pathway. To validate this hypothesis,
microglial cells were activated using murine red blood cell
(RBC) lysates to induce acute inflammation. Expression
levels of NLRP3, NF-kB, TNF-a, and IL-1f were reduced
by VB treatment in a dose-dependent manner (Fig. 3a,
b). In Transwell co-culture experiments, VB significantly

umes 72 h post ICH. (¢) Brain water content of ipsilateral hemor-
rhagic hemispheres in the different groups. (d) Percentage of apop-
totic cells after 72 h (bar=50 pm). *p <0.05, ***p <0.001, compared
to sham group; *p <0.05, compared to ICH + vehicle group

inhibited cell death following stimulation with RBC lysates
(Fig. 3c). Altogether, we concluded that VB protected neu-
rons from inflammatory damage, potentially by inhibiting
both NLRP3-mediated inflammatory effects and microglial
activation.

NLRP3-Deficiency Abolishes the Neuroprotective
Function of VB

To confirm that VB targets NLRP3, the ICH model was
used in NLRP3 ™'~ mice. Few differences were observed in
NLRP3~~ mice compared to wild type mice following ICH,
as indicated by nerve function deficits, brain water content
and number of apoptotic neurons (Fig. 4a—c). Moreover, VB
exhibited anti-inflammatory effects in neurons isolated from
NLRP3~/~ mice (Fig. 4d). Altogether, VB did not enforce
anti-inflammatory effects in the absence of NLRP3 and thus
may impact the NLRP3 pathway to limit inflammation.

Discussion

ICH is a destructive stroke subtype linked to high disability
and recurrence rates due to damage induced by primary and
secondary brain injuries [23]. Inflammation plays a critical
role in secondary brain damage following ICH, however,
the mechanisms underlying inflammatory injury following
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Fig.2 VB attenuated NLRP3 signaling and microglial activation in
peri-hemorrhagic areas. (a) RT-PCR and (b) immunoblots showing
mRNA and protein levels of NLRP3 and downstream effectors 72 h
after ICH induction. (¢) Representative images showing Iba-1* active

ICH are still unclear. Therefore, there is increasing interest
in investigating secondary brain injuries and exploring the
potential therapeutic benefits of limiting inflammation [24].
In this study, we explored the effects of VB on the NLRP3
signaling pathway in ICH-induced secondary inflammatory
damage.

Inflammation causes damage to the cerebral tissue fol-
lowing ICH. It induces and amplifies mitochondrial dam-
age, cytokine release and neuronal dysfunction; leading to
neuronal apoptosis and abnormal sensorimotor function
[25-27]. It has been reported that VB is involved in multiple
biological activities and contains anti-inflammatory, antioxi-
dant, anti-microbial and neuroprotective properties [17, 28,
29]. In this study, neurological deficit scores were reduced to
minimum levels, indicating that we generated an ideal ICH
model for subsequent experiments. Mice displayed charac-
teristics of ICH including increased ICH volume, increased
brain water content and enhanced neuronal apoptosis. As
expected, VB significantly prevented brain injuries induced
by ICH in a dose-dependent manner.

Previous studies have shown that NLRP3 inflamma-
some activation is involved in the secretion of cytokines
and in microglial activation, both of which are crucial
contributors to inflammatory damage related to ICH [30,
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31]. Indeed, the mRNA and protein expression levels of
NLRP3 were noticeably increased in this ICH model. This
was accompanied by increased NF-kB, TNF-a and IL-1p
expression levels. Expression of these mediators was
significantly reduced when treated with VB. Moreover,
microglial activation following ICH was markedly inhib-
ited with VB treatment, which we hypothesized may be
mediated by NLRP3. We further explored the involvement
of NLRP3 in the anti-inflammatory functions of VB fol-
lowing ICH. We found that VB inhibited expression of
NLRP3 and prevented pro-inflammatory cytokine release
promoted by RBC lysates. Moreover, VB decreased neu-
ronal death caused by the infiltration of microglia fol-
lowing induction of RBC lysate-mediated inflammation.
These results indicated that the anti-inflammatory effects
of VB in the ICH model may be mediated by the NLRP3
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Fig.3 VB reduced microglial activation and neuronal damage
induced by RBC lysis in vitro. (a) RT-PCR and (b) immunoblots
showing mRNA and protein levels of NLRP3 and downstream effec-
tors in primary microglial cells co-cultured with primary neurons in

signaling pathway. Consistent with our observations, VB
was no longer able to exert its protective effects in mice
lacking NLRP3, which suggested that VB promoted neuro-
protective effects against ICH through NLRP3 inhibition.

Despite these findings, several limitations were faced
in this study. For example, RBC lysates contained mul-
tiple elements inducing an inflammatory response, such
as heme, hemoglobin, iron and ions. Therefore, we will

the presence of RBC lysates and VB. (c¢) Representative images of
NeuN™ (red) primary neurons co-cultured and treated as described
(scale bar=50 pm) and viability levels. *p <0.05, compared to sham
group; *p <0.05, compared to ICH + vehicle group

explore detailed effects of each RBC lysate element in the
inflammatory response. In addition, activation and regu-
lation of the NLRP3 inflammasome pathway is complex
and the effects of VB on inflammasome activity should be
further investigated.

In summary, administration of VB may have therapeu-
tic potential to protect brain tissue from secondary damage
caused by acute ICH. Moreover, we highlighted that the pro-
tective effects of VB were partially due to the inhibition of
NLRP3-mediated inflammation and microglial activation. In
the future, clinical studies should be conducted to explore
the potential of VB as a novel therapeutic to limit inflamma-
tion and secondary damage in ICH patients.
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