
INTRODUCTION

Oleanolic acid (3β-hydroxyolean-12-en-28-oic acid, OA) 
is a natural compound of pentacyclic triterpenoid compound 
widely spread in a variety of plant species, especially in plants 
belonging to the Oleaceae family (Ayeleso et al., 2017). In Chi-
na, for a long time, OA has been clinically used to treat hepa-
titis (Liu, 2005; Xu et al., 2014). Consequently, there has been 
growing research interest in OA and its derivatives, and it has 
also been reported to have multiple pharmacological effects 
including anti-inflammatory, anti-oxidative, anti-microbial, anti-
cancer, hepatoprotective, anti-diabetic, and cardioprotective 
effects (Castellano et al., 2013; Martin et al., 2014; Ayeleso 
et al., 2017; Ziberna et al., 2017; Niu et al., 2018; Wang et al., 
2018b). Moreover, OA can attenuate brain damage in several 
central nervous system (CNS) diseases including ischemic 
stroke (Rong et al., 2011; Shi et al., 2021), hypoxia (Caltana et 

al., 2014), multiple sclerosis (Martin et al., 2010), spinal cord 
injury (Wang et al., 2020), and Alzheimer’s disease (Wang et 
al., 2018a; Gudoityte et al., 2021). In particular, OA has been 
suggested as a neuroprotective agent against ischemic stroke 
since it can prevent brain damage, such as brain infarction, 
neurological dysfunction, oxidative stress, and blood-brain 
barrier disruption, after transient middle cerebral artery occlu-
sion (tMCAO) (Rong et al., 2011; Shi et al., 2021). However, 
it is unclear whether OA can exert therapeutic effects against 
ischemic stroke since such previous studies have demon-
strated its prophylactic effects by administrating OA prior to 
the stroke challenge. In addition, there was no studies on 
whether neuroprotective effects of OA against ischemic stroke 
could be preserved by delayed administration (i.e., several h 
after stroke) despite such evaluation being an ideal criterion 
for judging its therapeutic potential. Therefore, the goal of the 
present study was to evaluate the therapeutic potential of OA 
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Oleanolic acid (OA), a natural pentacyclic triterpenoid, has been reported to exert protective effects against several neurological 
diseases through its anti-oxidative and anti-inflammatory activities. The goal of the present study was to evaluate the therapeutic 
potential of OA against acute and chronic brain injuries after ischemic stroke using a mouse model of transient middle cerebral 
artery occlusion (tMCAO, MCAO/reperfusion). OA administration immediately after reperfusion significantly attenuated acute brain 
injuries including brain infarction, functional neurological deficits, and neuronal apoptosis. Moreover, delayed administration of OA 
(at 3 h after reperfusion) attenuated brain infarction and improved functional neurological deficits during the acute phase. Such 
neuroprotective effects were associated with attenuation of microglial activation and lipid peroxidation in the injured brain after the 
tMCAO challenge. OA also attenuated NLRP3 inflammasome activation in activated microglia during the acute phase. In addi-
tion, daily administration of OA for 7 days starting from either immediately after reperfusion or 1 day after reperfusion significantly 
improved functional neurological deficits and attenuated brain tissue loss up to 21 days after the tMCAO challenge; these findings 
supported therapeutic effects of OA against ischemic stroke-induced chronic brain injury. Together, these findings showed that 
OA exerted neuroprotective effects against both acute and chronic brain injuries after tMCAO challenge, suggesting that OA is a 
potential therapeutic agent to treat ischemic stroke.
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neuroprotective effects against ischemic stroke, and to dem-
onstrate the associated mechanisms of action. 

In the present study, the tMCAO challenge (90 min of oc-
clusion and reperfusion) was used as an ischemic stroke chal-
lenge in mice and neuroprotective effects of OA were deter-
mined during acute (1 and/or 3 days after tMCAO challenge) 
and chronic (up to 21 days after tMCAO challenge) ischemic 
injuries. First, the therapeutic potential of OA effects against 
ischemic stroke during the acute phase was evaluated by as-
sessing its effects on brain damages when administered im-
mediately after reperfusion. Next, OA was administered 3 h 
after reperfusion and its effects on brain damages were as-
sessed to determine whether delayed administration of OA 
could also exert similar therapeutic effects during the acute 
phase. Further, to demonstrate underlying mechanisms, the 
OA ability to attenuate microglial activation, lipid peroxidation, 
and NLRP3 inflammasome activation during the acute phase 
was also evaluated. The therapeutic potential of OA effects 
against ischemic stroke during the chronic phase (up to 21 
days after tMCAO challenge) was determined by assessing its 
effects on brain damages when administered either immedi-
ately after reperfusion or 1 day after reperfusion.

MATERIALS AND METHODS

Animal
Male ICR mice (6 weeks old) were obtained from Orient 

Bio (Seongnam, Korea). All animal experiments and handling 
were performed under the Animal Care and Use Guidelines 
provided by the Gachon University (Incheon, Korea). All ani-
mal experiments were approved by Gachon Institutional Ani-
mal Care and Use Committee (GIACUC) (approved animal 
experiment: GIACUC-R2021012). The mice were kept under 
environmental controlled conditions; temperature (22 ± 2°C), 
relative humidity (60 ± 10%), and light cycle (a 12 h dark/light). 
Mice had free access to food and water ad libitum.

tMCAO challenge
Transient middle cerebral artery occlusion (tMCAO) was 

done using the intraluminal suture occlusion method as de-
scribed previously (Gaire et al., 2020). Briefly, the mice were 
anesthetized with isoflurane with an air mixture of O2:N2O 
(1:3 ratio) (3% for induction and 1.5% for maintenance). A 
ventral neck incision was made and the right common carotid 
artery (CCA) was carefully separated from the vagus nerve. 
The middle cerebral artery (MCA) was occluded by inserting 
silicone-coated monofilament (5-0, 9 mm) towards the MCA 
from internal CCA bifurcation. Reperfusion was achieved by 
withdrawing the monofilament after 90 min of the occlusion 
to restore the blood flow. The same surgical procedures were 
applied for sham group mice except for MCA occlusion. The 
mice body temperature was maintained at 37°C throughout 
the experiment. To reduce post-surgery pain, 2% lidocaine gel 
was applied to the surgical area. 

OA administration
Prior to reperfusion, mice were randomly divided into a ve-

hicle (10% Tween-80)- or an OA-administered group. 
To determine the protective effects of OA against acute 

brain injury following ischemic stroke, a vehicle or OA (1, 3, 
10, and 30 mg/kg, p.o.; Sigma-Aldrich, St. Louis, MO, USA) 

was administered to mice immediately after reperfusion. Alter-
natively, OA was administered to mice at 3 h after reperfusion 
for the time window experiment. 

To determine the protective effects of OA against chronic 
brain injury following ischemic stroke, OA was administered 
once per day for 7 days starting either immediately after reper-
fusion for the immediate administration group or at 1 day after 
reperfusion for the delayed administration group.

Assessment of functional neurological deficits
Modified neurological severity score (mNSS) scale was 

used to assess the functional neurological deficits in motor, 
sensory, reflex, and balance functions every day up to 21 
days, as previously described (Gaire et al., 2020). The mNSS 
ranged from 0 to 18 points (0 for normal and 18 for maximum 
deficit score). 

Determination of infarction volume
The mice were sacrificed with CO2 exposure and their 

brains were collected to determine the infarction volume 
through 2% 2,3,5-triphenyltetrazolium chloride (TTC) staining 
1 day after tMCAO challenge. Brains were sliced into 2 mm-
thick coronal sections and stained with 2% TTC in saline at 
37°C, as previously described (Gaire et al., 2020). The stained 
slices were photographed and the infarction area of each slice 
were analyzed using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA). 

Histological analysis
Preparation of tissue samples: Brain samples were har-

vested 1 and 3 days after the tMCAO challenge. The mice 
were anesthetized with isoflurane, perfused transcardially with 
ice-cold phosphate-buffered saline (PBS), and fixed with 4% 
paraformaldehyde (PFA). For immunohistochemical analy-
sis, the brains were collected and post-fixed with 4% PFA for 
an additional 24 h, transferred into 30% sucrose solution for 
cryoprotection, and embedded in Tissue-Tek Optimal Cutting 
Temperature compound and coronally sectioned into 20 µm 
thick sections using a cryostat machine (RD-2230, Roundfin, 
Shenyang, Liaoning, China). 

TUNEL assay: Neuronal apoptosis in injured brains was ana-
lyzed by TUNEL assay using In Situ Cell Death Detection Kit 
(Roche, Mannheim, Germany) 1 day after the tMCAO chal-
lenge, as described previously (Sapkota et al., 2020). Brain 
sections were post-fixed with 4% PFA, treated with 50 mM 
ammonium chloride, exposed to 1% H2O2 in 1% NaOH, ex-
posed to 0.03% glycine, and blocked with 1% fetal bovine 
serum (FBS) in PBS containing 0.3% Triton X-100. Brain 
sections were incubated with mouse anti-NeuN (1:200, Mil-
lipore, Burlington, MA, USA) overnight at 4°C and labeled with 
AF488-conjugated secondary antibody (1:1,000, Jackson Im-
munoResearch, West Grove, PA, USA) for 2 h at room tem-
perature (R/T). The sections were then washed with PBS and 
labeled with a mixture of Enzyme solution and Label solution 
for 1 h at R/T. These sections were washed with PBS and dis-
tilled water and then mounted with VECTASHIELD® mounting 
media (Vector Laboratories, Burlingame, CA, USA).

Iba1 and 4- hydroxynonenal (4-HNE) immunohistochem-
istry: Microglial activation and lipid peroxidation were deter-
mined by immunohistochemical analysis, as previously de-
scribed (Gaire et al., 2020). Briefly, the brain sections were 
post-fixed with 4% PFA, washed with PBS, treated with H2O2, 
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blocked with 1% FBS in PBS, and incubated with rabbit prima-
ry antibody anti-Iba1 (1:500, Wako Pure Chemicals, Chou-ku, 
Osaka, Japan) or 4-HNE (1:500, Bioss, Freiburg, Germany) 
overnight at 4°C. The sections were then labeled with a bio-
tinylated secondary antibody (1:200, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) and incubated with ABC reagent (1:100, 
Vector Laboratories). Iba1 or 4-HNE signals were visualized 
by incubating the sections with a solution containing 3,3’-di-
aminobenzidine substrate (Dako, Santa Clara, CA, USA). 
The brain samples were washed with water, dehydrated with 
alcohol series and xylene, and mounted with Entellan media 
(Merck, Darmstadt, Germany).

NLRP3/Iba1 or NLRP3/ASC double immunofluorescence: 
The brain sections were post-fixed in 4% PFA, treated with 
0.01M sodium citrate at 90-100°C, exposed to 1% H2O2, and 
blocked with 1% FBS. For NLRP3/Iba1 double immunofluo-
rescence, the brain sections were incubated with mouse anti-
NLRP3 (1:100, AdipoGen Life Sciences, San Diego, CA, USA) 
and rabbit anti-Iba1 (1:500, Wako Pure Chemicals) primary 
antibodies overnight at 4°C. For NLRP3/ASC double immu-
nofluorescence, the sections were incubated with mouse anti-
NLRP3 (1:100) and rabbit anti-ASC (1:200, AdipoGen Life 
Sciences) primary antibodies. The brain sections were then 
labeled with AF488- and Cy3-conjugated secondary antibod-
ies (1:1,000, Jackson ImmunoResearch) for 2 h at R/T. The 
sections were counterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI) (Carl Roth, Karlsruhe, Germany) and mounted 
with VECTASHIELD® (Vector Laboratories).

Image preparation and quantification: Brain images were 
photographed with a microscope equipped with a DP72 cam-
era (BX53T, Olympus, Shinjuku-ku, Tokyo, Japan) or with a 
confocal microscope (Eclipse A1 Plus, Nikon, Minato City, 
Tokyo, Japan). All the representative images were prepared 
using Adobe Photoshop Element 8 (Adobe, San Jose, CA, 
USA). Three different images (200 µm×200 µm) of each brain 
region were used to quantify the immunopositive cells. The 
number of immunopositive cells was counted manually and 
converted to the number of cells per unit area. In the case 
of ASC/NLRP3 double immunofluorescence, the numbers of 
ASC/NLRP3-double immunopositive cells of each image were 
manually counted and the values were expressed by the per-
centage of the number of cells with ASC/NLRP3 speck versus 
the total number of cells (DAPI-positive cells).

Assessment of brain tissue loss
Brain samples were harvested 21 days after the tMCAO 

challenge. The mice were anesthetized with isoflurane, per-
fused transcardially with ice-cold PBS, and fixed with 4% PFA. 
The collected brains were then photographed. The percent-
age of the brain tissue loss was measured using ImageJ soft-
ware (National Institutes of Health) with the following formula: 
(contralateral hemisphere area - ipsilateral area)/contralateral 
hemisphere area×100%.

Statistical analysis
Data were expressed as mean ± standard error of mean 

(SEM). Statistical analysis was performed using GraphPad 
Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). Sta-
tistical differences between the two groups were analyzed by 
Student’s t-test. Statistical difference among multiple groups 
were analyzed by one-way ANOVA followed by Newman–
Keuls test. Statistical significance was set at p<0.05. 

RESULTS

OA attenuates acute brain injury after tMCAO challenge 
We first evaluated whether a therapeutic regimen of OA 

could attenuate acute brain injury after tMCAO challenge 
when administered immediately after reperfusion. The effects 
were evaluated in a dose-dependent manner (3, 10, and 30 
mg/kg). The protective effects of OA were assessed by mea-
suring brain infarction and mNSS 1 day after the tMCAO chal-
lenge. OA administration immediately after reperfusion sig-
nificantly reduced brain infarction and improved neurological 
functions in a dose-dependent manner as compared with the 
vehicle-administered group (Fig. 1A-1C). The most attenua-
tion of brain infarction and neurological dysfunction by OA ad-
ministration was observed at doses 10 and 30 mg/kg without 
any statistical difference between them (Fig. 1B, 1C). There-
fore, OA at 10 mg/kg was used for further experiments. Next, 
we evaluated whether the neuroprotection could extend the 
time window by assessing the effects of delayed OA admin-
istration (3 h after reperfusion). After delayed OA administra-
tion, brain infarction and neurological dysfunction during the 
acute phase (1 day after tMCAO challenge) were significantly 
attenuated as compared with the vehicle-administered group 
(Fig. 1D-1F). These results indicate that a therapeutic regimen 
of OA can provide neuroprotection against acute brain injury 
following ischemic stroke.

During the ischemic stroke acute phase, most of the cells, 
including neurons, in the ischemic core region can undergo 
apoptosis (MacManus and Buchan, 2000; Sairanen et al., 
2006). Therefore, we evaluated neuronal apoptosis using 
TUNEL assay 1 day after tMCAO challenge. In the vehicle-
treated mice group, many neurons underwent apoptosis in 
the ischemic core region (Fig. 2), while OA administration sig-
nificantly reduced neuronal apoptosis (Fig. 2). These results 
indicate that OA can attenuate the tMCAO-induced neuronal 
apoptosis in injured brains.

OA attenuates microglial activation and lipid 
peroxidation in injured brains after tMCAO challenge

Microglial activation is a key pathogenic factor in acute 
brain injury after the ischemic stroke (Yenari et al., 2010). 
Previously, it has been also reported that OA can attenuate 
microglial activation and production of inflammatory cytokines 
in LPS-stimulated BV2 microglia in vitro (Castellano et al., 
2019). Therefore, OA neuroprotection observed during the 
acute phase could be associated with attenuation of microg-
lial activation in an injured brain after tMCAO challenge. We 
verified this by Iba1 immunohistochemical analysis in differ-
ent regions (in periischemic and ischemic core regions) and 
different time points (1 and 3 days after tMCAO challenge). 
In the vehicle-treated mice, the number of Iba1-positive cells 
was markedly increased in the periischemic and ischemic core 
regions at both time points (1 day, Fig. 3A, 3B; 3 days, Fig. 3C, 
3D). OA administration significantly reduced the number of ac-
tivated microglia at both regions and both time points (Fig. 
3A-3D). Another key characteristic feature of microglial activa-
tion after ischemic stroke challenge is a morphological change 
of microglia from ramified to amoeboid. In the present study, 
morphological changes can be clearly observed in the isch-
emic core region 3 days after the tMCAO challenge (Gaire et 
al., 2020; Sapkota et al., 2020); OA administration significantly 
reduced the number of amoeboid microglia (Fig. 3E). These 
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results indicate that OA can attenuate microglial activation in 
injured brains after ischemic stroke challenge.

Lipid peroxidation by oxidative stress is another important 
pathogenic factor in acute brain injury after ischemic stroke 
challenge (Muralikrishna Adibhatla and Hatcher, 2006). OA 
can reduce oxidative stress in many CNS diseases (Castel-
lano et al., 2019; Gudoityte et al., 2021). Moreover, previous 
reports have demonstrated that a prophylactic regimen of OA 
could attenuate oxidative stress in injured brains after isch-
emic stroke challenge (Rong et al., 2011; Shi et al., 2021). In 
the present study, we evaluated whether a therapeutic regi-

men of OA could attenuate lipid peroxidation in injured brains 
after tMCAO challenge by 4-HNE immunohistochemical anal-
ysis 1 and 3 days after the tMCAO challenge. In the vehicle-
treated mice, the number of 4-HNE-positive cells was dramati-
cally increased in the ischemic core region at both day 1 (Fig. 
4A, 4B) and day 3 (Fig. 4C, 4D) after the tMCAO challenge. 
However, OA administration significantly reduced the number 
of 4-HNE-positive cells at both time points (Fig. 4A-4D). These 
data indicate that OA can attenuate oxidative stress in injured 
brains after ischemic challenge.

OA attenuates NLRP3 inflammasome activation in injured 
brains after tMCAO challenge 

NLRP3 inflammasome activation that involves NLRP3 
priming and assembly of NLRP3 inflammasome (He et al., 
2016; Kelley et al., 2019) is associated with acute brain injury 
after the ischemic stroke through increasing neuroinflamma-
tion (Lenart et al., 2016). NLRP3 priming can occur mostly 
in Iba1-immunopositive cells of injured brains after ischemic 
challenge, as evidenced by NLRP3 upregulation in these cells 
(Abulafia et al., 2009; Lee et al., 2020). Moreover, such upreg-
ulation can be clearly observed in the ischemic core region 3 
days after the tMCAO challenge (Lee et al., 2020). Therefore, 
we evaluated whether OA could attenuate NLRP3 upregula-
tion in Iba1-positive cells in the ischemic core region 3 days 
after tMCAO challenge by NLRP3/Iba1 double immunofluo-
rescence. In the vehicle-treated mice, the number of NLRP3/
Iba1-double immunopositive cells in the ischemic core region 
was markedly increased (Fig. 5A, 5B), while, in the OA admin-
istered group, the number of cells was significantly reduced 
(Fig. 5A, 5B). These results indicate that OA can attenuate 
NLRP3 priming in injured brains after ischemic stroke chal-
lenge.

We also evaluated whether OA could attenuate the as-
sembly of NLRP3 inflammasome during the acute phase of 
ischemic stroke injury. We analyzed ASC speck formation, a 
critical feature of NLRP3 inflammasome assembly (He et al., 
2016; Kelley et al., 2019), in the ischemic core region 3 days 
after the tMCAO challenge through NLRP3/ASC double im-
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munofluorescence. In the vehicle-treated mice, the number 
of NLRP3/ASC-double positive cells was markedly increased 
(Fig. 5C, 5D), while the number was significantly reduced in 
the OA administered group (Fig. 5C, 5D). These results indi-
cate that OA can attenuate the assembly of NLRP3 inflamma-
some in injured brains after ischemic stroke.

OA attenuates chronic brain injury after tMCAO challenge
To evaluate OA neuroprotective effects against chronic 

brain injury after the tMCAO challenge, we analyzed mNSS 
up to 21 days and brain tissue loss at the end of the experi-
ment. OA (10 mg/kg) was administered to mice every day for 7 
days starting either immediately after reperfusion (immediate 
administration group) or 1 day after reperfusion (delayed ad-
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ministration group). Functional neurological deficits were sig-
nificantly attenuated in the immediate administration and the 
delayed administration groups as compared with the vehicle 
administration group (Fig. 6A). There were more improve-
ments of the neurological functions in the immediate admin-
istration group than in the delayed administration group at all 
determined time points except 3 days (Fig. 6A). However, the 
difference was not statistically significant. Next, we evaluated 
whether OA could attenuate brain atrophy after tMCAO chal-
lenge by measuring brain tissue loss at the end of the experi-
ment (21 days after tMCAO challenge). Both the immediate 
and delayed OA administration significantly attenuated the 
tMCAO-induced brain tissue loss as compared with the ve-
hicle administration (Fig. 6B, 6C). These results indicate that 
OA can attenuate chronic brain injury after tMCAO challenge.

DISCUSSION

Ischemic stroke in the brain occurs by the interruption of 
cerebral blood flow and results in brain damage via various 
pathogenesis such as excitotoxicity, inflammation, and oxida-
tive stress (Jayaraj et al., 2019). Tissue plasminogen activa-
tor, a thrombolytic agent, is widely used to treat acute isch-
emic stroke despite its limited time window efficacy (within 
4.5 h after stroke onset) and side effects (Pu et al., 2019). 
Edaravone, a free radical scavenger, is also in use only in 
Japan for the same purpose (Lapchak, 2010). Besides these 
drugs, numerous neuroprotectants for ischemic stroke have 

been developed through preclinical experiments (O’Collins et 
al., 2006), but unfortunately no agent has been successful in 
clinical translation (Gladstone et al., 2002; Schmidt-Pogoda 
et al., 2020). This might be due to, in part, an insufficient ef-
ficacy validation (Gladstone et al., 2002; Schmidt-Pogoda et 
al., 2020). To develop efficient neuroprotectants, the efficacy 
must be validated in consideration of several issues such as 
therapeutic effects of tested drugs rather than prophylactic 
effects, time window efficacy, and long-term neuroprotection 
(Gladstone et al., 2002; Schmidt-Pogoda et al., 2020). In this 
regard, the present study verified OA effects as a promising 
neuroprotectant for ischemic stroke, along with underlying 
mechanisms of action. Our experiment results evidenced that 
OA administration immediately after reperfusion reduced brain 
damage in tMCAO-challenged mice during both acute and 
chronic phases, suggesting that it is a potential therapeutic 
agent for ischemic stroke. The therapeutic effects were ob-
served even with delayed OA administration (3 h for the acute 
brain injury and 1 day for the chronic brain injury). In view 
of acute brain injury-relevant pathogenesis, OA could attenu-
ate microglial activation and lipid peroxidation in the injured 
brains. Moreover, OA suppressed NLRP inflammasome acti-
vation by attenuating both NLRP3 upregulation and assembly 
of NLRP3 inflammasome in the injured brains. 

In previous studies, OA was demonstrated to exert benefi-
cial effects against acute brain injury following ischemic stroke 
using in vitro (Gu, 2021) and in vivo models (Rong et al., 2011; 
Shi et al., 2021). OA can attenuate the death of PC12 cells 
subjected to oxygen/glucose deprivation (Gu, 2021). Further, 
OA can also attenuate brain damage, including brain infarction 
and functional neurological deficits during the acute phase 
after tMCAO challenge (Rong et al., 2011; Shi et al., 2021). 
Similarly, we observed that OA could attenuate acute brain 
damage after tMCAO challenge. However, our present study 
further demonstrated novel findings on the therapeutic effica-
cy of OA against acute brain injury following ischemic stroke. 
The present study has shown that OA administration immedi-
ately after tMCAO challenge can attenuate such brain dam-
age, while previous studies showed that OA administration 
prior to tMCAO can prevent brain damage (Rong et al., 2011; 
Shi et al., 2021). Importantly, the time-window experiment in 
the present study showed that delayed administration of OA 
(i.e., 3 h after reperfusion) can also attenuate acute brain 
damage, supporting therapeutic effects of OA during the acute 
phase after ischemic stroke. Besides effects against ischemic 
stroke-induced acute brain injury, we demonstrated that OA 
can attenuate chronic brain injury of ischemic stroke; daily ad-
ministration of OA within a short period (7 days) after tMCAO 
challenge also attenuated long-term neurological dysfunction 
up to 21 days after the challenge and tissue loss at the end 
of experiments. These results are consistent with a previous 
study (Shi et al., 2021) which demonstrated that daily adminis-
tration of OA for 6 weeks after tMCAO challenge can attenuate 
neurological dysfunction up to 7 weeks after the challenge and 
brain tissue loss at the end of experiments (Shi et al., 2021). 
Importantly, the present study findings revealed that the long-
term neuroprotective effects of OA could also be observed 
with delayed administration of OA (daily administration for 7 
days starting at 1 day after tMCAO challenge). These current 
and previous studies (Shi et al., 2021) have clearly suggested 
that OA is also neuroprotective against chronic brain injury af-
ter tMCAO challenge. Considering that long-term neurological 
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Fig. 4. OA administration attenuates lipid peroxidation during the 
acute phase after tMCAO challenge. Mice were challenged with 
tMCAO. OA (10 mg/kg, p.o.) was administered immediately after 
reperfusion. (A, B) Effects of OA on lipid peroxidation were deter-
mined by 4-HNE immunohistochemistry 1 day after the tMCAO 
challenge. Representative images of 4-HNE-immunopositive cells 
in the ischemic core region (A) and quantification (B). (C, D) Ef-
fects of OA on lipid peroxidation were determined 3 days after the 
tMCAO challenge. Representative images of 4-HNE-immunoposi-
tive cells in the ischemic core region (C) and quantification (D). Ar-
rowheads indicate 4-HNE-immunopositive cells. Scale bars, 50 
µm. n=5 mice per group. ***p<0.001 versus sham; ###p<0.001 vs. 
vehicle-administered tMCAO group.
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disability is a major challenge for ischemic stroke survivors 
(Girard et al., 2014), based on the present and previous find-
ings, OA could be an effective therapeutic option for ischemic 
stroke patients.

Emerging evidence has suggested that neuroinflammation 
plays an important role in the pathogenesis of ischemic stroke 
and is closely associated with microglial activation (Shah et 
al., 2009; Jin et al., 2010; Xu et al., 2020). Therefore, sup-
pressing microglial activation could be an effective basis 
for the drug development of an ischemic stroke therapeutic 

agent. OA has been shown to exert anti-inflammatory ac-
tivities in vivo through several mechanisms such as reducing 
microglial activation in different CNS diseases (Martin et al., 
2012; Castellano et al., 2019; Msibi and Mabandla, 2019). For 
instance, OA significantly reduced microglial activation and 
their inflammatory responses in vitro in LPS-stimulated BV2 
microglial cells (Castellano et al., 2019). The present study 
clearly demonstrated that OA administration significantly re-
duced the number of activated microglia (Iba1-immunoposi-
tive cells) and reversed their morphological changes from 
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toxic amoeboid cells to less toxic ramified cells in the ischemic 
core and periischemic regions of the injured brains during 
the acute phase. These results are consistent with those of 
a previous study that reported that OA reduces the number of 
amoeboid-shaped microglia in the injured hippocampus after 
tMCAO challenge during the chronic phase (Shi et al., 2021). 
These independent findings indicate that the neuroprotective 
effects of OA against both acute and chronic brain injuries fol-
lowing ischemic stroke are associated with attenuation of mi-
croglial activation.

Oxidative stress is another key factor in the pathogenesis of 
ischemic stroke, leading to lipid peroxidation, cell death, and 
inflammatory responses (Muralikrishna Adibhatla and Hatch-
er, 2006). In a previous study, OA has been shown to suppress 
oxidative stress in several CNS diseases (Gudoityte et al., 
2021). Similarly, in ischemic stroke, pre-administration of OA 
prior to tMCAO challenge was shown to increase activities of 
endogenous antioxidants, such as superoxide dismutase and 
glutathione peroxidase, and reduce malondialdehyde levels in 
injured brains following ischemic stroke (Rong et al., 2011; Shi 
et al., 2021). In the present study, similar OA anti-oxidative 
activities were demonstrated in which OA administration after 
reperfusion reduced tMCAO-induced lipid peroxidation in the 
ischemic core region. These results suggest that neuroprotec-
tive effects of both prophylactic and therapeutic OA regimens 
are associated with the suppression of oxidative stress.

NLRP3 inflammasome activation that is characterized by 
the sequential processing of NLRP3 upregulation and as-
sembly of inflammasome components such as NLRP3, ASC, 
caspase-1, and IL-1β (He et al., 2016; Kelley et al., 2019) has 
been suggested as a key pathogenic event in ischemic stroke 
(Yang et al., 2014; Ye et al., 2017; Ismael et al., 2018; Lee et 
al., 2020). Indeed, genetic deletion of NLRP3 or pharmaco-
logical suppression of NLRP3 inflammasome can reduce isch-
emic stroke-induced acute brain injury (Yang et al., 2014; Ye 
et al., 2017; Ismael et al., 2018). OA has also been reported 
to attenuate NLRP3 inflammasome activation in several dis-
eases including diabetic complications and lung fibrosis (An 
et al., 2017; Kim et al., 2018). The current study suggested 
ischemic stroke as a target for beneficial pharmacological ef-
fects of OA; it was shown to attenuate NLRP3 inflammasome 
activation in injured brains after tMCAO challenge during the 
acute phase by suppressing NLRP3 upregulation and inhibit-
ing ASC speck formation, an essential step for the assembly 
of NLRP3 inflammasome. Moreover, similar attenuation by OA 
was observed in activated microglia, a key cell type for NLRP3 
inflammasome activation in ischemic stroke-induced brain 
injury (Yang et al., 2014; Lee et al., 2020). Notably, NLRP3 
inflammasome activation can occur in activated microglia 
(Abulafia et al., 2009; Lee et al., 2020) and can be driven by 
oxidative stress after ischemic stroke (Minutoli et al., 2016; 
Xu et al., 2021). Considering that OA can attenuate microglial 
activation and oxidative stress as demonstrated by our find-
ings, suppressed NLRP3 inflammasome activation may be an 
underlying molecular mechanism of neuroprotective effects of 
OA against ischemic stroke. 

In conclusion, the present study demonstrated that a thera-
peutic regimen of OA could attenuate ischemic stroke-induced 
acute and chronic brain injuries. The neuroprotective effects 
of OA against ischemic stroke-induced acute brain injury were 
associated with attenuated neuroinflammation, including mi-
croglial activation, oxidative stress, and NLRP3 inflamma-

some activation. In addition, the present study findings indi-
cate that naturally occurring OA can be a potential therapeutic 
agent for ischemic stroke. Moreover, considering its pharma-
cological potential to attenuate neuroinflammation, OA could 
be a therapeutic agent for other inflammatory CNS diseases.
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