
EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  8,  2023

Abstract. Inflammation is thought to play an important role in 
the pathophysiology of ischaemic stroke, which is a main cause of 
disability and morbidity worldwide. Inhibition of the NOD‑like 
receptor protein 1 (NLRP1) inflammasome has been reported 
to alleviate the inflammatory response in cell and animal 
models. Ligustroflavone (LIG) is a compound derived from 
Ligustrum lucidum, which shows anti‑inflammatory activity and 
may play a beneficial role in a number of neurological diseases. 
To date, the potential for LIG to act through NLRP1 as a treat‑
ment for ischemic stroke has not been studied. The present study 
established an ischaemic stroke model by middle cerebral artery 
occlusion (MCAO). Modified neurological severity scoring, 
open‑field and the Rotarod test were used to assess neurological 
deficits. Staining with Hoechst 33258 and western blotting 
were used to evaluate neuronal damage. Expression levels of 
NLRP1 inflammasome complexes and inflammatory cyto‑
kines were determined using western blotting, enzyme‑linked 
immunosorbent assay and reverse transcription‑quantitative 
PCR. Treatment with LIG minimized the impairment of neuro‑
logical function and blocked neuronal damage in MCAO mice. 
In addition, treatment with LIG attenuated the upregulation 
of expression levels of the NLRP1 inflammasome complexes 
and the inflammatory cytokines TNF‑α, IL‑18, IL‑6 and IL‑1β. 

Overall, LIG played an important role in anti‑inflammatory and 
neuroprotective activity in MCAO models of ischaemic stroke.

Introduction

Ischaemic stroke is one of the main causes of disability and 
morbidity worldwide (1). Multiple mechanisms, including 
inflammation, oxidative stress and excitotoxicity, are consid‑
ered to be associated with cerebral ischaemic injury (2). 
Among them, inflammation plays an important role in the 
pathogenesis of ischaemic stroke.

Previous studies have revealed that inflammation mediated 
by inflammasomes is an important mechanism for secondary 
neuronal injury in ischaemic strokes (3,4). An important family 
of inflammasomes are the NOD‑like receptors (NLR), repre‑
sented by NOD‑like receptor protein (NLRP)1 and NLRP3 (5). 
Inflammasomes were first discovered to be multi‑protein 
complexes in 2002 (5‑7). The NLRP1 inflammasome, which is 
abundant in the brain, is the first member of the NLR family (6).

It has been shown that overexpression of microRNA 
(miR)‑9a‑5p ameliorates NLRP1 inflammasome‑mediated 
ischaemic injury (7). Inhibition of the NLRP1 inflammasome 
has been reported to ameliorate the inflammatory response 
to cells and animal models (8‑12). In studies of stroke it has 
been reported that activation of NLRP1 inflammasome can 
lead to neuronal cell death and behavioural deficits (13). All 
of these studies imply that the NLRP1 inflammasome plays an 
important role in the process of ischaemic injury and may be a 
potential target for the treatment of ischaemic strokes.

Ligustroflavone (LIG) is an active compound derived from 
Ligustrum lucidum (14,15) that has a variety of pharmaco‑
logical activities (16‑19). Previous research demonstrated that 
LIG reduces necroptosis in rat brain after ischaemic strokes by 
targeting the receptor‑interacting serine/threonine‑protein kinase 
(RIPK)1/RIPK3/mixed lineage kinase domain‑like pseudokinase 
pathway (20). Whether LIG could act through NLRP1 in MCAO 
model will be investigated in the present study.

Materials and methods

Mouse models. A total of 48 specific‑pathogen‑free male 
C57BL/6 mice (6 weeks old, 20‑22 g) were supplied by Beijing 
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Vital River Laboratory Animal Technology Co. Ltd. All of the 
animals were housed in specific pathogen‑free conditions with 
standard temperature (22±1˚C), humidity (50‑60%) and light 
conditions (12 h light/dark cycle), with access to food and water 
ad libitum. The animal studies were conducted in accordance 
with the Ethics Committee of Medical College of Xi'an Peihua 
University (approval no. PH202107; Xi'an, China).

Ischemic strokes animal model establishments and drug 
administration. Middle cerebral artery occlusion (MCAO) 
surgery was performed as previously described (21). In brief, the 
randomly selected mice were anesthetized with 2% isoflurane 
mixed with oxygen and nitrogen. The right common carotid 
artery was clipped with an artery clamp, and the external 
carotid artery (ECA) was ligatured. A nylon suture with a 
blunted tip (0.40‑mm diameter) was gently advanced from a 
tiny incision in the ECA to the internal carotid artery. The 
filament was left in place to cause an obstruction for 60 min 
and then removed for the reperfusion. A constant‑temperature 
blanket was used to keep the mice body temperature at 37±1˚C 
until the mice recovered from surgery.

Mice were randomly assigned to four groups (n=6 per 
group) according to the different operation processes and drug 
administration. The sham group was subjected to the same 
operation with the exception that no nylon suture was inserted. 
The trial group received 30 mg/kg LIG [MedChemExpress; 
intragastrically (i.g)]. The dose of LIG applied was based on 
previous literature (20). The MCAO group was subjected to 
1 h ischaemia plus 24 h reperfusion. The MCAO + LIG group 
received the LIG (30 mg/kg; i.g.) 15 min before the operation.

After experiment completion, mice were sacrificed by 
exsanguination under deep anaesthesia (sodium pentobarbital 
intraperitoneal injection, 50 mg/kg). Mice death was confirmed 
by lack of heart beat.

Neurobehavioral evaluation. The modified neurological 
severity scoring (mNSS) trial consists of ten different tasks 
that can evaluate the motor (muscle status, abnormal move‑
ment), sensory (visual, tactile and proprioceptive), balance, 
and reflex functions of mice (22). Neurological deficits were 
graded from 0 to 18 (0=normal function; 18=maximal deficit). 
One point was scored for each abnormal behaviour or for 
the lack of a tested reflex. Therefore, higher scores imply 
greater neurological injury. An open‑field trial based on the 
pattern of exploration (centre vs. periphery) was used to assess 
anxiety‑like behaviour. Mice were tracked under moderate 
lighting for 15 min in a 40‑cm2 open field using software 
(ANY‑Maze; Stoelting Co.). General activity was assessed by 
fixing the total distance travelled. A Rotarod trial was used to 
assess motor coordination and learning. On the day of testing, 
mice were given four 300‑sec accelerating Rotarod tests with 
an inter‑trial interval of 30 min. The average latency to the 
first fall from the rod was recorded. All experimenters were 
blinded to the four different test groups of mice.

Hoechst 33258 staining. The brain sections were prepared, and 
4‑µm sections were stained with Hoechst 33258 (Beyotime 
Institute of Biotechnology). Brain tissues were fixed in 4% 
paraformaldehyde overnight at 4˚C and embedded in paraffin. 
The paraffin sections were incubated with 0.5 ml Hoechst 

33258 solution for 5 min at room temperature and washed 
twice with PBS. The cells were imaged and counted manually 
using fluorescence microscopy (CX21; Olympus Corporation).

Western blotting. Brain tissues were homogenized in RIPA 
lysis buffer (cat. no. R0278; Thermo Fisher Scientific, Inc.) 
comprising 150 mM NaCl, 1.0% IGEPAL® CA‑630, 0.5% 
Sodium Deoxycholate, 0.1% SDS and 50 mM Tris. The 
samples were lysed on ice for 30 min, and then centrifuged 
at 12,000 x g at 4˚C for 10 min. Protein concentration was 
quantified using a BCA assay kit (cat. no. 23227; Pierce; 
Thermo Fisher Scientific, Inc.). Proteins (30 µg per lane) 
were separated by 12% electrophoresis and then transferred 
to PVDF membrane (cat. no. 05317; MilliporeSigma). After 
blocking with 5% defatted milk diluted with TBST buffer 
(0.1% tween) for 1 h at room temperature, membranes were 
incubated overnight at 4˚C with the following primary anti‑
bodies against: Bax (1:1,000; cat. no. ab32503; Abcam), Bcl‑2 
(1:800; cat. no. ab182858; Abcam), caspase‑3 (1:200; cat. 
no. ab184787; Abcam), NLRP1 (1:500; cat. no. NBP1‑97593IR; 
Novus Biologicals), apoptosis‑associated speck‑like protein 
containing a CARD (ASC; 1:500; cat. no. ab175449; Abcam), 
caspase‑1 (1:800; cat. no. ab138483; Abcam), IL‑1β (1:500; 
cat. no. ab283818; Abcam), IL‑18 (1:800; cat. no. ab191860; 
Abcam), IL‑6 (1:500; cat. no. ab259341; Abcam), TNF‑α 
(1:800; cat. no. ab215188; Abcam) and β‑actin (1:2,000; cat. 
no. MA5‑15739; Invitrogen; Thermo Fisher Scientific, Inc.) 
were used. On the following day, the PVDF membranes 
were incubated with HRP‑conjugated secondary antibodies 
(1:10,000; cat. no. 31461; Invitrogen; Thermo Fisher Scientific, 
Inc.) for 1 h at room temperature. Subsequently membranes 
were incubated with ECL reagents (cat. no. WBULS0100; 
MilliporeSigma) and bands visualized using a western blot 
detection system (Bio‑Rad Laboratories, Inc.). The protein 
quantities were analysed using ImageJ software (version 
1.8.0.112; National Institutes of Health).

Reverse transcription‑quantitative PCR. Total RNA was 
extracted from brain tissues using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. cDNA was synthesized using a PrimeScript™ II 
1st Strand cDNA Synthesis kit (Takara Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. RT‑qPCR were 
carried out with a SuperReal Premix Plus kit (Vazyme Biotech 
Co., Ltd.). The thermocycling conditions for qPCR were as 
follows: 15 min at 95˚C to activate the chemically modified 
hot‑start Taq DNA polymerase, followed by 40 cycles of dura‑
tion for 15 sec at 95˚C and 30 sec of annealing and extension 
at 60˚C. The specific primer sequences used were: NLRP1 
forward, 5'‑TGG CAC ATC CTA GGG AAA TC‑3' and reverse, 
5'‑TCC TCA CGT GAC AGC AGA AC‑3'); ASC forward, 5'‑GTC 
ACA GAA GTG GAC GGA GTG‑3' and reverse, 5'‑CTC ATC 
TTG TCT TGG CTG GTG‑3'; Caspase‑1 forward, 5'‑GAC TGG 
GAC CCT CAA GTT TT‑3' and reverse, 5'‑CCA GCA GCA ACT 
TCA TTT CT‑3'; β‑actin forward, 5'‑TCA GCA AGC AGG AGT 
ACG ATG‑3' and reverse, 5'‑AAC AGT CCG CCT AGA AGC 
ACT T‑3'. β‑actin was amplified as the internal control. The 
original Cq values of the sample were adjusted to internal 
control and relative transcript levels were analysed by 2‑ΔΔCq 
method (23).
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Figure 1. LIG treatment exerts neuroprotective activity in MCAO model mice. Effects of LIG on neurological functional impairment of MCAO model mice 
were assessed using (A) mNSS, (B) Rotarod trial and (C) open‑field behavioural task trail. *P<0.05 and **P<0.01 vs. sham; #P<0.05 vs. MCAO. middle cerebral 
artery occlusion; mNSS, modified neurological severity scoring; LIG, ligustroflavone.

Figure 2. LIG treatment blocks neuronal damage in MCAO model mice. Hoechst 33258 staining was used to (A) detect and (B) analyse the effect of LIG on 
MCAO‑induced neuronal apoptosis. Scale bar, 50 µm. (C) Protein levels of Bcl‑2 and Bax were assessed using western blotting. β‑actin was used as a control. 
(D) The protein level of activated caspase‑3 was assessed by western blotting. β‑actin was used as a control. **P<0.01 vs. sham, #P<0.05 and ##P<0.01 vs. MCAO. 
MCAO, middle cerebral artery occlusion; LIG, ligustroflavone.
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Enzyme‑linked immunosorbent assay (ELISA). Protein 
samples were extracted from brain tissues and the concen‑
tration determined using a BCA assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). The levels of inflammatory cytokines 
IL‑1β (cat. no. ab197742), IL‑18 (cat. no. ab216165), IL‑6 (cat. 
no. ab222503) and TNF‑α (cat. no. ab208348) were assessed 
using commercial ELISA kits (Abcam) according to the 
manufacturer's protocol.

Statistical analysis. All data were analysed with the SPSS 
statistical software (version 18.0; SPSS, Inc.). The compari‑
sons of two groups were analysed using unpaired Student's 
t‑test. The two factor experiments and comparisons of multiple 
groups were analysed by one‑way ANOVA followed by 
Tukey's test. Data are expressed as mean ± SD (unless other‑
wise shown). P<0.05 was considered to indicate a statistically 
significant difference.

Results

LIG plays a neuroprotective role in MCAO mice. Neurological 
tests were performed to assess the effects of LIG on the 
neurological functional impairment of MCAO model mice. 
In the mNSS trial, the mNSS scores of MCAO group mice 
were significantly higher compared with those of the sham 

group. Treatment with LIG decreased the increase of mNSS 
scores induced by MCAO (Fig. 1A). The residence time 
of mice in MCAO group on the Rotarod was significantly 
reduced compared with the sham group. Whereas treatment 
with LIG/MCAO significantly increased the residence time 
on the Rotarod compared with the MCAO group (Fig. 1B). 
In the open‑field behavioural task trail, mice in MCAO group 
demonstrated a decrease in the perimeter zone and total 
travel distance compared with the sham group. However, LIG 
treatment significantly increased the perimeter zone and total 
travel distance (Fig. 1C). All together, these data implied that 
LIG may mitigate MCAO‑induced neurological deficits.

LIG mitigates neuronal injury in MCAO mice. The effects 
of LIG on MCAO‑induced neuronal damage were also 
investigated. Compared with the sham group, the number of 
apoptotic neurons was significantly increased in the MCAO 
group. However, treatment with LIG decreased the percentage 
of neuronal apoptosis induced by MCAO (Fig. 2A and B). 
Relative to the sham group, the Bcl‑2/Bax ratio was decreased 
in the MCAO group, although levels of caspase‑3 and Bax 
were raised. These changes in the MCAO group could be 
inhibited by treatment with LIG (Fig. 2C and D). All these data 
suggested that LIG may prevent neuronal injury in MCAO 
mice.

Figure 3. LIG treatment inhibits NLRP1 inflammasome activation in MCAO model mice. Protein level of (A) NLRP1, (C) ASC and (E) caspase‑1 was assessed 
by western blotting. β‑actin was used as a control. The mRNA levels of (B) NLRP1, (D) ASC and (F) caspase‑1 were assessed by reverse transcription‑ 
quantitative PCR. **P<0.01 vs. sham; #P<0.05 and ##P<0.01 vs. MCAO. MCAO, middle cerebral artery occlusion; LIG, ligustroflavone; NLRP1, NOD‑like 
receptor protein 1; ASC, apoptosis‑associated speck‑like protein containing a CARD.
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LIG restrains the activation of NLRP1 inflammasome in 
MCAO mice. To determine the effects of LIG on the activa‑
tion of the NLRP1 inflammasome, the expression levels of 
the inflammasome complex were assessed. NLRP1, ASC and 
caspase‑1 protein and mRNA in the MCAO model mice were 
significantly increased relative to the sham group (Fig. 3). 
Treatment with LIG significantly prevented the upregulation 
of the expression levels of NLRP1, ASC and caspase‑1 induced 
by MCAO (Fig. 3A‑C). Moreover, the increase in mRNA levels 

of NLRP1, ASC and caspase‑1 in MCAO model mice were 
significantly inhibited by treatment with LIG, and these were 
consistent with protein expression levels (Fig. 3D‑F). These 
results indicated that the NLRP1 inflammasome was activated 
in the MCAO model, and LIG may prevent the activation of 
NLRP1 inflammasome.

LIG reduces the levels of inflammatory cytokines in MCAO 
mice. The effects of LIG on the pro‑inflammatory cytokines 

Figure 4. LIG treatment decreases the expression levels of inflammatory cytokines in MCAO model mice. Protein level of (A) TNF‑α, (B) IL‑6, (C) IL‑18 and 
(D) IL‑1β was assessed by western blotting. β‑actin was used as a control. **P<0.01 vs. sham; #P<0.05 vs. MCAO. MCAO, middle cerebral artery occlusion; 
LIG, ligustroflavone.
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in MCAO model mice were further investigated. The protein 
levels of IL‑1β, IL‑18, IL‑6 and TNFα were first detected using 
western blotting. The expression levels of IL‑1β, IL‑18, IL‑6 
and TNF‑α were significantly higher in the MCAO mouse 
group compared with the sham group, but LIG significantly 
attenuated this effect (Fig. 4). The expression levels of IL‑1β, 
IL‑18, IL‑6 and TNF‑α were detected using an ELISA kit, 
and were consistent with the western blotting results (Fig. 5). 
These data suggested that NLRP1 inflammasome‑mediated 
pro‑inflammatory cytokines in MCAO mice may be inhibited 
by treatment with LIG.

Discussion

To the best of our knowledge, the present study was the first to 
provide evidence that LIG may protect the brain from ischaemic 
stroke via a mechanism involving NLRP1. The results demon‑
strated that neurological dysfunction and neuronal damage 
were associated with MCAO treatment, along with elevated 
levels of NLRP1 inflammasome complexes (NLRP1, ASC 
and caspase‑1) and inflammatory cytokines (IL‑1β, IL‑18, IL‑6 
and TNF‑α). Furthermore, administration of LIG after cere‑
bral ischaemia protected against neuronal damage, improved 
functional recovery and inhibited elevation in levels of NLRP1 
inflammasome complexes and inflammatory cytokines.

MCAO is widely recognized as an experimental animal 
model for ischaemic injury. Previous studies have shown that 

MCAO mice show neuronal damage followed by neurological 
impairment (24,25). LIG has previously been shown to give 
neuroprotection in vivo (20). The present study data revealed 
that LIG protected against MCAO‑induced neuronal damage 
and neurological dysfunction. LIG minimized the neuro‑
logical deficits and reduced the neuronal damage of MCAO 
mice. These results indicated that LIG exerts a neuroprotective 
effect in MCAO mice.

It is well recognized that neuroinflammation is involved in 
the pathogenesis of ischaemic stroke (26). Studies have shown 
that inhibiting the activation of NLRP1 inflammasomes 
following ischaemic stroke can regulate the proinflammatory 
cytokines and play a neuroprotective effect (13,27,28). Herein, 
the present study demonstrated that the neuroprotective effects 
of LIG were associated with a significant reduction in the 
levels of NLRP1 inflammasome proteins in an MCAO model 
of ischaemic stroke.

In view of the inflammasome as an important mediator 
of inflammation, the targeted therapies for the inflamma‑
some provide potential treatment methods for cerebral 
ischaemia (29). These targeted therapies include: Signal 
transduction pathways (such as NF‑κB and MAPK) (30); 
inf lammasome components (such as NLRPs, ASC and 
caspase‑1) (31,32); secondary messengers (such as reactive 
oxygen species) and cytokines (IL‑1β and IL‑18) (33). A 
previous study demonstrated that intracerebroventricular 
injection of antibodies to the NLRP1 receptor can penetrate 

Figure 5. LIG treatment decreases the expression levels of inflammatory cytokines in MCAO model mice. Protein levels of (A) TNF‑α, (B) IL‑6, (C) IL‑18 
and (D) IL‑1β were assayed by ELISA. **P<0.01 vs. sham; #P<0.05 and ##P<0.01 vs. MCAO. ELISA, enzyme‑linked immunosorbent assay; MCAO, middle 
cerebral artery occlusion; LIG, ligustroflavone.
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the blood‑cerebrospinal f luid barrier to interfere with 
the assembly of NLRP1 in neurons, thereby reducing the 
activation of caspase‑1, inhibiting the maturation of IL‑1β 
and IL‑18 and reducing the infarction area of the mouse 
cerebral ischaemia model (27,34). NLRP1 inflammasomes 
increase the production and secretion of inflammatory 
factors IL‑1β and IL‑18 precursors through a series of 
mechanisms to mediate the death of ischemic neurons (35). 
IL‑1β is involved in the death of neurons through oxidative 
stress in ischemic stroke (36). However, recent studies have 
revealed that IL‑1β binds to the IL‑1 receptor 1 (IL‑1R1) 
expressing neurons during cerebral ischaemia which was 
harmful to damaged brain tissue (37,38). Another study 
revealed that the neuroprotective effect of IL‑1β is asso‑
ciated with its concentration and the reaction time after 
ischaemic stroke (39). The increased production of IL‑18 
in neurons promotes macrophages to produce pro‑inflam‑
matory factors (such as TNF‑α and IL‑6) and neurotoxic 
mediators by causing the up‑regulation of IFN‑γ, which 
leads to serious nerve tissue damage (40).

In conclusion, the results of the present study revealed 
that the expression levels of NLRP1, ASC and caspase‑1 
were upregulated in the MCAO model mice and were inhib‑
ited by treatment with LIG. Furthermore, the expression 
levels of pro‑inflammatory cytokines, IL‑1β, IL‑18, IL‑6 
and TNF‑α in MCAO model mice were also inhibited by 
LIG. These data indicated that the neuroprotective effects 
of LIG may be associated with the inhibitory effects of 
LIG on the NLRP1 inflammasome‑mediated inflammatory 
processes, although the precise mechanism requires further 
investigation.
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