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Salidroside inhibits NLRP3 inflammasome activation and 
apoptosis in microglia induced by cerebral ischemia/reperfusion 
injury by inhibiting the TLR4/NF-κB signaling pathway
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Background: The NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is an 
important mediator of neuroinflammatory responses that regulates inflammatory injury following cerebral 
ischemia and may be a potential target. Salidroside (Sal) has good anti-inflammatory effects; however, it remains 
unclear whether Sal can regulate NLRP3 inflammasome activation through the Toll-like receptor 4 (TLR4)/
nuclear factor kappa B (NF-κB) signaling pathway after cerebral ischemia to alleviate inflammatory injury. 
Methods: We established an oxygen-glucose deprivation and reoxygenation (OGD/R) model of BV2 cells 
and a middle cerebral artery occlusion/reperfusion (MCAO/R) rat model. Cell Counting Kit-8 (CCK-8),  
flow cytometry and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay were 
used to detect the viability and apoptosis of BV2 cells. Enzyme-linked immunosorbent assay (ELISA) 
was used to detect the level of inflammatory factors. 2,3,5-triphenyltetrazolium chloride (TTC) staining 
and modified Neurological Severity Score (mNSS) were used to detect cerebral infarction volume and 
neurological deficit in rats. Western blot, immunohistochemistry and immunofluorescence staining were 
used to detect the protein expression levels.
Results: Our results showed that Sal increased viability, inhibited lactate dehydrogenase (LDH) release, and 
reduced apoptosis in OGD/R-induced BV2 cells. Sal reduced the levels of tumor necrosis factor-α (TNF-α), 
interleukin (IL)-6, and IL-8. Following induction by OGD/R, BV2 cells exhibited NLRP3 inflammasome 
activation and increased protein levels of NLRP3, apoptosis-associated speck-like protein containing a 
CARD (ASC), caspase-1, IL-1β, and IL-18. Protein levels of key TLR4 signaling pathway elements, such as 
TLR4, myeloid differentiation primary response 88 (MyD88), and phosphorylated nuclear factor kappa B 
p65 (p-NF-κB p65)/NF-κB p65 were upregulated. Interestingly, it was revealed that Sal could reverse these 
changes. In addition, TAK242, a specific inhibitor of TLR4, had the same effect as Sal treatment on BV2 
cells following induction by OGD/R. In the MCAO/R rat model, Sal was also observed to inhibit NLRP3 
inflammasome activation in microglia, reduce cerebral infarction volume, and inhibit apoptosis.
Conclusions: In summary, we found that Sal inhibited NLRP3 inflammasome activation and apoptosis in 
microglia induced by cerebral ischemia/reperfusion injury by inhibiting the TLR4/NF-κB signaling pathway, thus 
playing a protective role. Therefore, Sal may be a promising drug for the clinical treatment of ischemic stroke.
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Introduction

Stroke is a leading cause of disability and death worldwide, 
the majority of which involve ischemic stroke (1). Although 
ischemic stroke is a serious threat to human health, the 
current treatment methods are limited. At present, the 
leading effective treatment is intravenous thrombolytic 
therapy, which can restore blood flow but may also lead 
to oxidative stress, inflammatory response, autophagy, and 
apoptosis, thereby causing cerebral ischemia/reperfusion 
(I/R) injury (2,3). Inflammatory responses play a key role 
in the pathological progression of ischemic stroke and 
have an important influence on its prognosis (4). After 
cerebral ischemia, energy depletion and hypoxia lead to 
nerve cell death. Apoptotic or necrotic neurons activate 
reactive astrocytes and attract microglia to migrate to 
the site of inflammation, and these inflammatory cells 
produce a large number of inflammatory proteins, including 
pathological and inducible form of nitric oxide synthase, 
which produces nitrosation stress (5). Inflammatory factors 
increase infiltration of inflammatory cells, leading to further 
release of inflammatory mediators and reactive oxygen 
species, which triggers an inflammatory cascade that leads 
to neurovascular injury, blood brain barrier injury, and 
neuronal injury (6). Therefore, inhibiting inflammatory 
responses may be an important strategy for the treatment 
of cerebral I/R injury. Microglia, permanent immune 
cells of the central nervous system, play an important 
role in inflammatory responses and are the first line of 
immune defense (7). Microglia are first activated after 
cerebral ischemia. Activated microglia secrete a variety of 
inflammatory cytokines, including tumor necrosis factor-α 
(TNF-α) and interleukin (IL)-6, as well as cell adhesion 
molecules and proteases, which can promote a strong 
inflammatory response and lead to tissue damage (8,9). 
In addition, microglia also help to synchronize neuronal 
activity and plasticity, thereby enhancing the recovery of 
neurological function after stroke (9). Previous studies 
have shown that the status microglia determines the 
inflammatory response of brain tissue (10), and microglial 
dysfunction and death are associated with an uncontrolled 
inflammatory response. Overactivation and apoptosis 
of microglia are reportedly related to inflammation and 
injury in ischemic cerebrovascular disease (11). Microglia 
are activated and damaged under ischemic and hypoxic 
conditions, causing an inflammatory response (12). 
However, inhibition of the inflammatory response of 
microglia can reduce their apoptosis (13). In summary, 

microglia-mediated inflammatory responses play a key role 
in the occurrence, development, and outcome of ischemic 
stroke (14); accordingly, it may be possible to treat ischemic 
stroke by inhibiting microglial overactivation and apoptosis.

The NOD-like receptor family pyrin domain-containing 
3 (NLRP3) inflammasome is an important mediator of 
neuroinflammatory response and mediates inflammatory 
injury following cerebral ischemia (15). Martinon first 
discovered and proposed the concept of inflammasomes 
in 2002 (16). The NLRP3 inflammasome consists of the 
NLRP3 receptor, apoptosis-associated speck-like protein 
containing a CARD (ASC), and caspase-1, and is one of the 
most widely studied inflammasomes (17). It is an important 
regulator of inflammation because it activates caspase 1 and 
production of pro-inflammatory cytokines IL-18 and IL-1β,  
leading to an inflammatory response (18). In addition, 
the NLRP3 inflammasome plays an important role in the 
pathological progression of ischemic stroke (19). Inhibiting 
activity of the NLRP3 inflammasome can reduce the 
inflammatory injury elicited by cerebral I/R (20). Activation 
of the NLRP3 inflammasome involves the interaction of 
multiple signaling pathways and complexes, and serves as 
a key molecular pathway in the inflammatory cascade (21). 
A previous study suggested that activation of the Toll-
like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) 
signaling pathway is a basic step in the formation of NLRP3 
inflammasomes and closely related to their activation (22). 
A transmembrane receptor protein of the innate immune 
system, TLR4 is upregulated after cerebral I/R injury. 
Upregulation of TLR4 activates NF-κB, which induces the 
release of many pro-inflammatory factors and triggers an 
inflammatory response that can lead to brain injury (23). 
Inhibition of the TLR4/NF-κB signaling pathway can 
inhibit inflammatory responses and apoptosis after cerebral 
I/R injury (24). Therefore, we hypothesized that inhibiting 
activation of the NLRP3 inflammasome might be an ideal 
target for the treatment of cerebral ischemic inflammatory 
injury.

Salidroside (Sal), a phenylpropanoside extracted from 
Rhodiola rosea, has anti-inflammatory, anti-oxidative stress, 
anti-apoptosis, and other pharmacological effects (25). 
Sal was previously shown to exert a neuroprotective anti-
inflammatory effect in ischemic stroke, but the underlying 
mechanism is still unclear. It can reduce inflammation 
and brain injury in ischemic stroke by regulating the 
phosphoinositide 3 kinase/protein kinase B/nuclear factor 
erythroid 2-related factor 2/NF-κB signaling pathway (26). 
One study reported that Sal alleviates diabetic neuropathic 
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pain through regulation of the AMP-activated protein 
kinase-NLRP3 inflammasome axis (27). A previous study 
showed that microglia are the main source of NLRP3 in 
the central nervous system (28). Accordingly, microglia 
are often used to study inflammatory responses and 
evaluate involvement of the NLRP3 inflammasome in 
pathological processes of ischemic stroke (29). Therefore, 
based on the important role of microglia in cerebral I/R 
inflammatory injury. In cerebral I/R injury, whether Sal can 
affect inflammatory injury by regulating the activation of 
NLRP3 inflammasome in microglia, and whether TLR4/
NF-κB signaling pathway is involved in this regulatory 
process is still unclear, and further research is needed. 
In addition, since the status of microglia is related to the 
inflammatory response of brain tissue, whether Sal affects 
the apoptosis of microglia in cerebral I/R injury and its 
regulatory mechanism also remains to be further explored. 
Therefore, in this study, an oxygen-glucose deprivation and 
reoxygenation (OGD/R) model in BV2 cells and a middle 
cerebral artery occlusion/reperfusion (MCAO/R) rat model 
were established. Our results confirmed that Sal could 
inhibit NLRP3 inflammasome activation and apoptosis in 
microglia induced by cerebral I/R injury by inhibiting the 
TLR4/NF-κB signaling pathway, thus providing a new 
therapeutic target for cerebral I/R injury.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-5752).

Methods

Chemicals and reagents

Salidroside (purity ≥98%) was purchased from Chengdu 
Munster Biotechnology Co., Ltd. (Chengdu, China). 
A mouse microglia cell line (BV2) was purchased from 
Kunming Cell Bank of the Type Culture Collection 
Committee of the Chinese Academy of Sciences (Kunming, 
China). The following primary antibodies were used: rabbit 
anti-NLRP3 [15101, Cell Signaling Technology (CST), 
Danvers, MA, USA], rabbit anti-ASC (67824, CST), rabbit 
anti-caspase-1 (AB138483, Abcam, Cambridge, UK), 
rabbit anti-IL-1β (16806-1-AP, Proteintech, Rosemont, IL, 
USA), rabbit anti-IL-18 (AB207323, Abcam), rabbit-Bcl-2 
(AB194583, Abcam), rabbit anti-Bax (2772S, CST), rabbit 
anti-cleaved caspase-3 (9664, CST), mouse anti-TLR4 
(SC-293072, Santa Cruz Biotechnology, Dallas, TX, USA), 
rabbit anti-MyD88 (4283S, CST), rabbit anti-p-NF-κB p65 

(PhosphoS536; AB86299, Abcam), rabbit anti-NF-κB p65 
(AB16502, Abcam), rabbit anti-NLRP3 (NBP2-12446SS, 
Novus, USA), Goat anti-IBA-1(NB100-1028, Novus), and 
rabbit anti-β-actin (GB11001, ServiceBio, Wuhan, China). 
The following secondary antibodies were used: goat anti-
rabbit IgG (L3012, Signalway Antibody, College Park, 
MD, USA), goat anti-mouse IgG (L3032, Signalway), Cy3 
conjugated Donkey Anti-Goat IgG (GB21404, ServiceBio), 
fluorescein isothiocyanate (FITC) conjugated Donkey 
Anti-Rabbit IgG (GB22403, ServiceBio). We obtained 
TAK242 from Selleck Chemicals (S7455, Resatorvid; 
Shanghai, China) and Dimethyl sulfoxide (DMSO; D8371, 
Solarbio, Beijing, China). Enzyme-linked immunosorbent 
assay (ELISA) was performed with kits for mouse tumor 
necrosis factor-α (TNF-α; 1217202, Dakewe, Shenzhen, 
China), mouse IL-6 (1210602, Dakewe), and mouse IL-8 
(CME0008, 4A Biotech, Beijing, China).

Cell culture and OGD/R model

The BV2 cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM) with high glucose (SH30243.01, 
Hyclone, Logan, UT, USA) containing 10% fetal bovine 
serum (FBS; 04-001-1ACS, Biological Industries, Beit-
Haemek, Israel), penicillin (100 IU/mL), and streptomycin 
(100 µg/mL). Cells were cultured in a humidified incubator 
at 37 ℃ and 5% CO2, and the medium was changed every 
2–3 days. During the logarithmic growth phase of BV2 
cells, the cell medium was replaced with DMEM without 
glucose (90113, Solarbio, Beijing, China). Cells were placed 
in anoxic chambers containing 5% CO2 and 95% N2, 
which were placed in an incubator for 1, 2, 3, 4, 6, or 8 h to 
establish an OGD model. At the end of OGD, the medium 
was replaced with high-glucose DMEM for subsequent 
culture in an aerobic incubator for 12 h to establish the 
OGD/R model in BV2 cells. Cells in the control group were 
always cultured under normal conditions. Sal was dissolved 
in water at various concentrations before co-incubation 
with OGD/R-induced BV2 cells. On the basis of literature 
reports (30), in order to explore the effective concentration 
of Sal that could improve the viability of BV2 cells, OGD/
R-induced BV2 cells were co-incubated with 0, 6.25, 12.5, 
25, 50, or 100 µM Sal, and viability was detected by CCK-
8 assay. Therefore, the drug concentration that improves 
the vitality of BV2 cells is selected. In addition, TAK242, 
a specific TLR4 inhibitor, was dissolved in DMSO and 
medium at a concentration of 1 μM (31). Cells in OGD/R + 
TAK242 group were co-incubated with TAK242, and cells 
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in control group and OGD/R group were co-incubated 
with the same volume of corresponding solvent.

Cell viability assay

The BV2 cells (1×104/well) were seeded into 96-well plates 
for assessment of viability with a Cell Counting Kit-8 
(CCK-8; C0038, Beyotime, Shanghai, China) according 
to the manufacturer’s instructions. The absorbance of each 
well was measured at 450 nm with a microplate reader.

Lactate dehydrogenase (LDH) release assay

An LDH cytotoxicity detection kit (A020-2, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) was 
used to evaluate cell damage. The LDH activity in the 
culture medium supernatant was measured at 450 nm with a 
microplate reader.

Annexin V-FITC apoptosis detection

Cell apoptosis was determined using an Annexin V-FITC 
Apoptosis Detection Kit (KGA105-KGA10, Keygen 
Biotechnology, Nanjing, China) according to the 
manufacturer’s guidelines. A FACSCelestaTM flow cytometer 
(Becton, Dickinson, and Co., Franklin Lakes, NJ, USA) was 
used for detection.

ELISA

The supernatant of BV2 cell culture medium was collected. 
Concentrations of TNF-α, IL-6, and IL-8 in culture 
supernatants were determined with specific ELISA kits. 
Absorbances were measured at 450 nm with a microplate 
reader.

Animals and treatment

Adult male Sprague-Dawley (SD) rats, weighing 200–250 g  
(7–8 weeks old), were provided by the Experimental 
Animal Center of Kunming Medical University. Animals 
were housed in a standardized animal care center with 
proper temperature and humidity and a 12 h light/dark 
cycle. The rats were given free access to food and water. 
All rat experiments were approved by the Animal Research 
Ethics Committee of Kunming Medical University 
(Kmmu202100001410) and carried out in accordance with 
the Guide for the Care and Use of Laboratory Animals, 8th 

edition (32). A total of 42 rats were randomly divided into 
3 groups: sham group, MCAO/R group, and MCAO/R + 
Sal group. According to previous studies (33), rats in the 
MCAO/R + Sal group were intraperitoneally injected with 
Sal (50 mg/kg, dissolved in normal saline) immediately after 
surgery of inserting the suture, and rats in the sham group 
and MCAO/R group were intraperitoneally injected with 
the same amount of normal saline, for consecutive 7 days.

MCAO/R model

The MCAO model was constructed based on the 
improved Longa method. The rats were anesthetized 
by intraperitoneal injection of 1% pentobarbital sodium 
solution (30 mg/kg), and their necks were disinfected. A 
median incision was made to expose the carotid artery and 
separate the right common carotid artery (CCA), internal 
carotid artery (ICA), and external carotid artery (ECA). The 
ECA and CCA were ligated with silk thread and ICA was 
temporarily occluded. An incision was made in the CCA 
and nylon monofilament sutures were inserted into the 
ICA, from which they were slowly advanced to the middle 
cerebral artery (MCA). The same procedure was performed 
in the sham group, except that the sutures were not plugged 
into the ICA. At 2 h after occlusion, the nylon sutures were 
removed for reperfusion. During surgery and ischemia, 
the body temperature of rats was maintained at 37.0±0.5 ℃ 
by heating pad. A total of 5 rats died before sampling and 
testing due to possible reasons such as anesthesia or surgical 
injury and were not included in the analysis.

Evaluation of infarct volume

After 7 days of cerebral ischemia and reperfusion, the 
rat brains were removed, frozen at −20 ℃ for 20 min, 
and cut into 6 pieces. Brain slices were then immersed in 
preheated 2% 2,3,5-triphenyltetrazolium chloride (TTC; 
T8877, Sigma Aldrich, St. Louis, MO, USA) solution, 
and incubated at 37 ℃ for 20 min, then fixed with 4% 
paraformaldehyde for 30 min. Infarct volume was detected 
by ImageJ software (https://imagej.nih.gov/ij/), and the data 
were expressed as the percentage of infarct volume in the 
total volume of brain tissue.

Evaluation of neurological deficits

Neurological deficits were assessed using the modified 
Neurological Severity Score (mNSS) on day 7 after surgery. 

https://imagej.nih.gov/ij/
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The mNSS involves the assessment of multiple tasks such as 
movement and balance, with a maximum defect score of 18. 
All rats were pretrained for 7 days before surgery.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling assay

According to the manufacturer’s guidelines, apoptotic cells 
were detected by terminal deoxynucleotidyl transferase 
dUTP nick-end labeling (TUNEL) assay using an 
apoptosis detection kit (G1501, ServiceBio). Images were 
collected using an inverted fluorescence microscope (ZEISS 
Axio Observer Z1, Oberkochen, Germany). Numbers of 
TUNEL-positive cells and total cells were counted in 5 
random areas. Ratios of apoptosis were calculated as follows: 
number of TUNEL-positive cells/total number of cells in 
each area ×100%.

Immunohistochemical (IHC) staining

Briefly, BV2 cells were collected and fixed with 4% 
paraformaldehyde, embedded in dehydrated paraffin, 
and cut into 4 μm thick sections for IHC staining. The 
brain tissue of rats was prepared into paraffin sections. 
Subsequently, sections were dewaxed with xylene and 
subjected to antigenic repair with ethylenediamine 
tetraacetic acid (EDTA; pH =8.0) antigenic repair solution. 
After blocking endogenous peroxidases with 3% hydrogen 
peroxide for 30 min, sections were incubated with primary 
antibodies against NLRP3 (1:300), caspase-1 (1:500), and 
TLR4 (1:250) overnight at 4 ℃. The following day, sections 
were incubated with an appropriate secondary antibody 
(1:350) for 50 min at room temperature. Next, sections were 
stained with a 3,3’-diaminobenzidine (DAB) colorimetric 
kit and hematoxylin. After dehydration and drying, neutral 
gum was applied to seal sections. Images were collected 
using a CKX53 inverted fluorescence microscope (Olympus, 
Tokyo, Japan), and percentages of positive staining (brown) 
were measured with ImageJ.

Immunofluorescence staining

The brains of rats were removed after cardiac perfusion 
with 4% paraformaldehyde, and sliced into 4 µm slices. 
Sections were sealed with 5% goat serum and incubated 
overnight with NLRP3 antibody (1:50) and IBA-1 antibody 
(1:50) at 4 ℃, and then with donkey anti-rabbit IgG (1:100), 
donkey anti-goat IgG (1:200) were incubated at 37 ℃ for 

1 h and 4’,6-diamidino-2-phenylindole (DAPI) for 5 min.  
Images were collected using an inverted fluorescence 
microscope (ZEISS Axio Observer Z1) and the fluorescence 
intensity was analyzed with ImageJ software.

Western blot

Protein extracts from each group of cells were isolated with 
radioimmunoprecipitation assay (RIPA) protein lysis buffer. 
Protein concentrations were determined by bicinchoninic 
acid (BCA) assay (P0010, Beyotime), and equivalent 
protein samples (25 µg) were separated by 12% BIS-Tris 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene fluoride 
(PVDF) membranes. After blocking with 5% skim milk 
at room temperature for 1 h, membranes were incubated 
overnight at 4 ℃ with primary antibodies against Bcl-
2 (1:1,000), Bax (1:1,000), cleaved caspase-3 (1:1,000), 
TLR4 (1:1,000), MyD88 (1:1,000), p-NF-κB p65 (1:1,000), 
NF-κB p65 (1:1,000), NLRP3 (1:1,000), ASC (1:1,000), 
caspase-1 (1:1,000), IL-1β (1:1,000), IL-18 (1:1,000), and 
β-actin (1:1,000). Finally, membranes were incubated 
with appropriate secondary antibodies (1:5,000) at room 
temperature for 2 h. Protein electrophoresis bands 
were captured following the addition of an enhanced 
chemiluminescence (ECL) developer and analyzed by 
ImageJ software.

Statistical analysis

Statistical analysis was performed using Prism software 
(version 6.0, GraphPad Software, San Diego, CA, USA). 
Data were obtained from 3 independent experiments 
and expressed as mean ± standard deviation (SD). One-
way analysis of variance (ANOVA) was used, followed 
by Bonferroni post-hoc test between groups. Statistical 
significance was considered when P<0.05.

Results

Sal increased the viability of BV2 cells following induction 
by OGD/R and reduced LDH release

To establish a suitable OGD/R model of BV2 cells, BV2 
cells were first exposed to OGD for 1, 2, 3, 4, 6, or 8 h, 
and then reoxygenated for 12 h. The CCK-8 assay results 
(Figure 1A) revealed that OGD 4 h/R 12 h significantly 
decreased cell viability, while OGD 6 h/R 12 h and OGD  
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8 h/R 12 h more significantly decreased viability, suggesting 
excessive cell injury. Therefore, OGD 4 h/R 12 h was 
selected to establish the OGD/R cell model for subsequent 
experiments. To evaluate the toxicity of Sal to BV2 cells, 
normal cultured BV2 cells were co-incubated with 0, 6.25, 
12.5, 25, 50, or 100 µM Sal, and viability was detected by 
CCK-8 assay (Figure 1B). The results showed no significant 
changes in cell viability, suggested that Sal had no obvious 
cytotoxic effect on normal cultured BV2 cells. To explore 
the effective concentration of Sal that could improve the 
viability of BV2 cells, OGD/R-induced BV2 cells were co-
incubated with 0, 6.25, 12.5, 25, 50, or 100 µM Sal, and 
viability was detected by CCK-8 assay (Figure 1C). The 
results showed that BV2 cell viability was significantly 

decreased after OGD/R induction, whereas co-incubation 
with 25, 50, or 100 µM Sal could improve cell viability. 
Among the tested concentrations, cell viability was most 
obviously improved with 50 µM Sal. Therefore, we chose 
50 µM as an effective drug concentration for follow-up 
experiments. Next, we incubated OGD/R-induced BV2 
cells with 50 µM Sal and detected levels of LDH release 
(Figure 1D). The results showed that LDH release by BV2 
cells treated with Sal was significantly lower than that of 
the OGD/R group, further indicating that Sal could reduce 
cell damage. Collectively, these results suggest that Sal 
had a protective effect on BV2 cells following induction by 
OGD/R.
Sal inhibited OGD/R-induced apoptosis of BV2 cells
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Figure 1 Sal increased the viability of BV2 cells following induction by OGD/R and reduced LDH release. (A) BV2 cells were OGD for 1, 2, 
3, 4, 6, or 8 h, and then reoxygenated (R) for 12 h. A CCK-8 assay was used to detect cell viability (n=6). (B) Normal BV2 cells were cultured 
with various concentrations of Sal (0, 6.25, 12.5, 25, 50, and 100 µM), and cell viability was detected by CCK-8 assay (n=6). (C) BV2 cells 
were OGD for 4 h and then reoxygenated for 12 h (OGD 4 h/R 12 h) to establish a cellular OGD/R model. BV2 cells were incubated 
with various concentrations (0, 6.25, 12.5, 25, 50, or 100 µM) of Sal during the process of establishing the OGD/R model. A CCK-8 assay 
was used to detect cell viability (n=6). (D) BV2 cells induced by OGD 4 h/R 12 h were incubated with 50 µM Sal, and then the amounts 
of LDH released were evaluated (n = 6). Data are expressed as mean ± SD. **P<0.01, ***P<0.001 compared with control group; ##P<0.01, 
###P<0.001 compared with OGD/R group. OGD, oxygen-glucose deprivation; Sal, salidroside; CCK-8, Cell Counting Kit-8; LDH, lactate 
dehydrogenase; SD, standard deviation.
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To further explore whether Sal had a protective effect on 
BV2 cells induced by OGD/R, apoptosis was detected 
by flow cytometry (Figure 2A,2B) and TUNEL staining 
(Figure 2C,2D). The results showed that compared with 
the model group, treatment with Sal significantly reduced 
the percentage of apoptotic BV2 cells following induction 
by OGD/R. In addition, western blot (Figure 2E) to 
detect expression levels of apoptotic proteins showed 
that, compared with the control group, expression levels 
of apoptotic proteins Bax and cleaved caspase-3 were 
increased in the OGD/R group, whereas expression of the 
anti-apoptotic protein Bcl-2 was decreased. However, this 
change could be reversed by Sal treatment. In the OGD/
R + Sal group, expression of Bax and cleaved caspase-3 was 
significantly decreased, while that of Bcl-2 expression was 
significantly increased. There was no statistically significant 
difference between the control + Sal group and the control 
group. These results further demonstrate that Sal inhibited 
the apoptosis of BV2 cells.
Sal reduced the release of inflammatory factors from 

OGD/R-induced BV2 cells

To examine whether Sal could inhibit the inflammatory 
response of OGD/R-induced BV2 cells, ELISA (Figure 3) 
was performed to detect levels of several major inflammatory 
factors in cell culture medium supernatants. The results 
demonstrated that release of TNF-α, IL-6, and IL-8 was 
significantly increased in the OGD/R group compared with 
the control group, but significantly decreased in the OGD/
R + Sal group compared with the OGD/R group after 
treatment. There was no statistically significant difference 
between the control + Sal group and the control group. 
These findings suggest that Sal inhibited the inflammatory 
response of BV2 cells following induction by OGD/R.

Sal inhibited NLRP3 inflammasome activation in OGD/
R-induced BV2 cells

To evaluate whether Sal had a regulatory effect on NLRP3 
inflammasome activation in BV2 cells following induction 
by OGD/R, expression levels of several key molecules to 
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Figure 2 Sal inhibited OGD/R-induced apoptosis of BV2 cells. (A) Apoptosis of BV2 cells was detected by flow cytometry; (B) percentages 
of apoptotic cells were quantitatively analyzed (n=4); (C) representative fluorescent images of TUNEL staining (green) and DAPI (blue) 
(scale bar =100 μm); (D) quantitative analysis of TUNEL staining (n=5); (E) Western blot analysis (n=3) of protein expression levels of 
cleaved caspase-3, Bax, and Bcl-2. Data are expressed as mean ± SD. ***P<0.001 compared with control group; #P<0.05, ##P<0.01, ###P<0.001 
compared with OGD/R group. OGD, oxygen and glucose deprivation; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end 
labeling assay; SD, standard deviation.



Liu et al. Sal inhibits NLRP3 inflammasome activation and apoptosis

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(22):1694 | https://dx.doi.org/10.21037/atm-21-5752

Page 8 of 16

NLRP3 activation were detected by western blot (Figure 4A).  
Compared with the control group, expression levels of 
NLRP3, ASC, caspase-1, IL-1β, and IL-18 were increased 
after OGD/R induction, indicating activation of NLRP3 
inflammasomes. However, 50 µM Sal significantly reduced 
the expression levels of these molecules. There was no 
statistically significant difference between the control + Sal 
group and the control group. The IHC staining, which 
was used to further detect the expression levels of NLRP3  
(Figure 4B,4C) and caspase-1 (Figure 4D,4E), showed that 
levels of both proteins were significantly lower in the OGD/
R + Sal group compared with the OGD/R group, consistent 
with western blotting results. These findings suggest that 
Sal could inhibit NLRP3 inflammasome activation in OGD/
R-induced BV2 cells to inhibit the inflammatory response.

Sal inhibited TLR4/NF-κB signaling pathway activation 
in OGD/R-induced BV2 cells

To evaluate whether Sal could regulate the TLR4/NF-κB 
signaling pathway, expression levels of several key pathway-
related molecules were detected by western blot (Figure 5A).  
Compared with the control group, expression levels of 
TLR4, MyD88, and p-NF-κB p65/NF-κB p65 in the 
OGD/R group were significantly increased. These results 
indicate that the TLR4 signaling pathway was activated in 
BV2 cells following induction by OGD/R. However, these 
changes were reversed by Sal treatment. Compared with the 
OGD/R group, protein expression levels of TLR4, MyD88, 
and p-NF-κB p65/NF-κB p65 were decreased in the 
OGD/R + Sal group. There was no statistically significant 
difference between the control + Sal group and the control 

group. The results of further detection of TLR4 expression 
by IHC (Figure 5B,5C) were consistent with western blot 
results, suggesting that Sal could inhibit TLR4/NF-κB 
signaling pathway activation in OGD/R-induced BV2 cells.

Inhibition of TLR4 reduced NLRP3 inflammasome 
activation and apoptosis in OGD/R-induced BV2 cells by 
inhibiting the TLR4/NF-κB signaling pathway

To further verify whether the TLR4/NF-κB signaling 
pathway could regulate activation of the NLRP3 
inflammasome and apoptosis, OGD/R-induced BV2 cells 
were incubated with the TLR4-specific inhibitor TAK242 
to inhibit TLR4 expression. Activation of the TLR4/NF-
κB signaling pathway, NLRP3 inflammasome, and apoptosis 
in BV2 cells were observed, and expression levels of related 
proteins were detected by western blot. Compared with the 
OGD/R group, expression levels of TLR4, MyD88, and 
p-NF-κB p65/NF-κB p65 were significantly decreased in 
the OGD/R + TAK242 group, indicating that the TLR4 
signaling pathway was inhibited by TAK242 (Figure 6A). 
Compared with the OGD/R group, protein expression levels 
of NLRP3, ASC, caspase-1, IL-1β, and IL-18 in the OGD/
R + TAK242 group were significantly decreased (Figure 6B). 
Expression of apoptotic proteins Bax and cleaved caspase-3 
was significantly decreased in the OGD/R + TAK242 
group, while that of the anti-apoptotic protein Bcl-2 was 
significantly increased (Figure 6C). There was a statistically 
significant difference between the OGD/R + TAK242 
group and the OGD/R group. These results indicate that 
inhibition of TLR4 signaling pathway can inhibit NLRP3 
inflammasome activation and apoptosis in BV2 cells 
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following induction by OGD/R. In conclusion, the specific 
inhibitor of TLR4, TAK242, may inhibit OGD/R-induced 
NLRP3 inflammasome activation and apoptosis in BV2 cells, 
consistent with the results of Sal treatment. Therefore, we 
speculate that Sal regulates NLRP3 inflammasome activation 
and apoptosis in OGD/R-induced BV2 cells by regulating 
the TLR4/NF-κB signaling pathway.

Sal inhibited brain injury induced by MCAO/R in rats 
and inhibited the NLRP3 inflammasomes activation in 
microglia

To further verify the inhibitory effect of Sal on cell apoptosis 
and activation of NLRP3 inflammasome in microglia, we 

constructed a rat MCAO/R model and performed related 
tests after 7 days of treatment with Sal. The TTC staining 
(Figure 7A,7B) and the mNSS (Figure 7C) indicated that 
compared with the MCAO/R group, cerebral infarction 
volume and the mNSS were decreased in the MCAO/R + 
Sal group.These results suggest that Sal can reduce cerebral 
infarction volume and neurological deficits in MCAO/R 
rats. The TUNEL staining (Figure 7D,7E) indicated that 
compared with MCAO/R group, apoptosis was reduced in 
the MCAO/R + Sal group. These results indicate that Sal 
can reduce the apoptosis of brain cells in MCAO/R rats, 
and we speculate that Sal may also reduce the apoptosis of 
microglia. Considering the above results, it can be concluded 
that Sal can inhibit brain injury in MCAO/R rats. The IHC 
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Figure 4 Sal inhibited NLRP3 inflammasome activation in OGD/R-induced BV2 cells. (A) Protein expression levels of NLRP3, ASC, 
caspase-1, IL-1β, and IL-18 were detected by western blot analysis (n=3); representative bands are shown in the figure. Protein expression 
levels of both NLRP3 (B) and caspase-1 (D) were detected by IHC staining (scale bar =100 μm). (C,E) Quantitative analysis of IHC staining 
results (n=5). Data are expressed as mean ± SD. ***P<0.001 compared with control group; #P<0.05, ##P<0.01 compared with OGD/R group. 
OGD, oxygen and glucose deprivation; ASC, apoptosis-associated speck-like protein containing a CARD; NLRP3, NOD-like receptor 
family pyrin domain-containing 3; IHC, immunohistochemical; SD, standard deviation.
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staining (Figure 7F,7G) and immunofluorescence staining  
(Figure 7H-7J) showed that the expression level of NLRP3 
in microglia in the MCAO/R + Sal group was decreased 
compared with that in the MCAO/R group. This showed 
that Sal can reduce the activation of NLRP3 inflammasomes 
in microglia induced by MCAO/R. This is consistent 
with the results of in vitro experiments. In conclusion, the  
in vivo experimental results further indicated that Sal may 
inhibit cell apoptosis and inhibit the activation of NLRP3 
inflammasomes in microglia.

Discussion

In this study, we found that Sal could improve the viability 
of OGD/R-induced BV2 cells, reduce LDH release, and 
inhibit cell apoptosis. In addition, Sal inhibited NLRP3 
inflammasome activation, decreased release of inflammatory 
factors, and inhibited the inflammatory response of OGD/
R-induced BV2 cells. These inhibitory effects of Sal may 
be achieved by inhibiting the TLR4/NF-κB signaling 
pathway in BV2 cells following induction by OGD/R. In 
the MCAO/R rat model, we also found that Sal inhibited 
NLRP3 inflammasome activation in microglia, reduced the 

volume of cerebral infarction, and inhibited apoptosis. The 
results of this study provide a theoretical basis for the use of 
Sal as a neuroprotective drug in the treatment of cerebral 
ischemia.

The incidence of ischemic stroke is high, harm is great, 
and effective treatments are limited. The good curative 
effects of traditional Chinese medicine have attracted 
extensive attention from researchers. Sal is a biologically 
active extract mainly obtained from the traditional herbal 
medicine Rhodiola (34). Previous studies found that it 
has a good anti-inflammatory effect, but its specific anti-
inflammatory mechanism requires further study. Increasing 
evidence has indicated that inflammation is a major factor 
in the pathogenesis of cerebral ischemia (35). The main 
mechanism of inflammation in ischemic stroke is the 
activation of microglia, which further promote neuronal 
death (36). After cerebral ischemia, microglia become 
overactivated and release inflammatory cytokines such 
as IL-1β, TNF-α, IL-6, and IL-8, as well as cytotoxic 
molecules such as NO and reactive oxygen species, which 
cause nerve injury (37,38). In addition, inflammatory or 
apoptotic mediators produced by overactivated microglia 
may cause and aggravate microglial apoptosis (39). The 
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main components of apoptotic pathways include the caspase 
and Bcl-2 protein families (40). Caspase 3 is the key executor 
of cell apoptosis, while overexpression of Bax promotes 
cell apoptosis; formation of a heterodimer between Bax 
and Bcl-2 inhibits the pro-death effect of Bax (41). The 
relationship between microglial apoptosis and inflammatory 
response is still unclear. A previous study suggested that 

inhibiting OGD-induced apoptosis of microglia can inhibit 
OGD-induced microglial inflammatory responses (42). 
Another study suggested that promoting M2 polarization of 
microglia could reduce OGD/R-induced cell inflammation 
and apoptosis (13). In addition, eicosapentaenoic acid 
can reportedly inhibit both the activation of caspase-3 
and NLRP3, thereby reducing OGD-induced apoptosis 
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Figure 6 Inhibition of TLR4 reduced NLRP3 inflammasome activation and apoptosis in OGD/R-induced BV2 cells by inhibiting the 
TLR4/NF-κB signaling pathway. OGD/R-induced BV2 cells were treated with a TLR4 inhibitor, and western blot (n=3) was used to detect 
protein expression levels of (A) TLR4, MyD88, p-NF-κB p65, and NF-κB p65; (B) NLRP3, ASC, caspase-1, IL-1β, and IL-18; (C) Bax, Bcl-2  
and cleaved caspase-3. Representative western blot bands are shown in the figure. Data are expressed as mean ± SD. **P<0.01, ***P<0.001 
compared with control group; #P<0.05, ##P<0.01 compared with OGD/R group. OGD, oxygen and glucose deprivation; TLR4, Toll-like 
receptor 4; MyD88, myeloid differentiation primary response 88; p-NF-κB p65, phosphorylated nuclear factor kappa B p65; ASC, apoptosis-
associated speck-like protein containing a CARD; NLRP3, NOD-like receptor family pyrin domain-containing 3; SD, standard deviation.
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Figure 7 Sal inhibited brain injury induced by MCAO/R in rats and inhibited the NLRP3 inflammasome activation in microglia. 
(A,B) TTC staining was used to detect cerebral infarction volume in rats. A representative image is shown here, with infarcts in white 
(n=4). (C) Neurological deficits were detected by the mNSS (n=9). (D,E) TUNEL staining was used to detect cell apoptosis in ischemic 
penumbra of brain tissue (n=5). DAPI (blue), TUNEL positive staining (green), scale bar =100 μm. (F,G) The expression level of NLRP3 
protein in brain tissues was detected by IHC staining (n=5) (scale bar =100 μm). (H-J) The protein expression levels of NLRP3 and  
IBA-1 in brain tissues were detected by immunofluorescence staining (n=5) (scale bar =50 μm). Data are expressed as mean ± SD. ***P<0.001, 
compared with sham group; #P<0.05, ##P<0.01 compared with MCAO/R group. MCAO/R group, middle cerebral artery occlusion/reperfusion; 
NLRP3, NOD-like receptor family pyrin domain-containing 3; TTC, 2,3,5-triphenyltetrazolium chloride; mNSS, modified Neurological Severity 
Score; IHC, immunohistochemical; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling assay; SD, standard deviation.
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of BV2 cells (43). In short, the state of microglia has an 
important influence on the inflammatory response to 
cerebral ischemia. Therefore, we speculate that inhibiting 
the inflammatory injury produced by microglia is an 
effective strategy to reduce cerebral I/R injury. Previous 
studies have shown that Sal can inhibit the inflammatory 
response of BV2 cells induced by corticotropin-releasing 
hormone or lipopolysaccharide (44,45). However, it has not 
been reported whether Sal can inhibit the inflammatory 
response and apoptosis of microglia induced by OGD/R. In 
this study, we found that Sal could inhibit the release of the 
inflammatory cytokines TNF-α, IL-6, and IL-8 in OGD/
R-induced BV2 cells, thus inhibiting their inflammatory 
response. In addition, we found that Sal could reduce 
the percentage of apoptotic BV2 cells induced by OGD/
R. Thus, we hypothesized that Sal plays a protective role 
by inhibiting the inflammatory response and apoptosis of 
OGD/R-induced BV2 cells.

Currently, the mechanism by which Sal exerts a 
protective effect on OGD/R-induced microglia is still 
unclear. Previous studies have shown that the NLRP3 
inflammasome is a key mediator of cerebral ischemic 
inflammatory injury and obviously activated after cerebral 
I/R, whereby it promoted the release of inflammatory 
mediators and caused brain injury. However, inhibiting 
NLRP3 inflammasome activation can reduce brain injury 
by inhibiting the inflammatory response (46). The NLRP3 
inflammasomes of microglia were activated after OGD/
R induction, but inhibition of NLRP3 inflammasome 
activation could curb the inflammatory response of OGD/
R-induced microglia (47). Once the NLRP3 inflammasome 
is activated, it can form active caspase 1, which mediates 
the release of inflammatory molecules IL-1β and IL-18 to 
cause inflammation (48). These studies have indicated that 
inhibition of NLRP3 inflammasome activation may be a 
promising approach for the treatment of ischemic stroke. It 
has been suggested that NLRP3 inflammasome activation is 
mediated by the TLR4/NF-κB and NLRP3/ASC/caspase-1 
signaling pathways (49). First, the NLRP3/ASC/caspase-1 
signaling pathway is involved in activation of the NLRP3 
inflammasome, including formation of NLRP3 within 
the inflammasome, self-cleavage of pre-caspase 1, and 
maturation of IL-1β and IL-18 (17). In addition, NLRP3 
inflammasome activation is closely related to activation of 
the TLR4/NF-κB signaling pathway (50). When TLR4 
binds to MyD88 protein and activates NF-κB, a subsequent 
cascade of inflammatory responses is elicited (51). Activated 
NF-κB is transported from the cytoplasm into the nucleus, 

whereby it promotes the secretion of pre-IL-1β, pre-IL-18, 
and NLRP3, leading to an inflammatory response (52). 
Meisoindigo reportedly inhibits NLRP3 inflammasome 
activation through the TLR4/NF-κB signaling pathway, 
regulates microglia/macrophage polarization, and has a 
protective effect against cerebral I/R injury (53). However, 
it has remained unclear whether Sal can inhibit the 
inflammatory response to cerebral ischemia by inhibiting 
activation of the NLRP3 inflammasome in microglia. To 
answer this question, we conducted related biomolecular 
studies, which demonstrated that Sal inhibited activation of 
the NLRP3 inflammasome and TLR4 signaling pathway 
in ODG/R-induced BV2 cells, thereby inhibiting the 
inflammatory response.

Mainly expressed by microglia, TLR4 plays a key role 
in innate immunity of the central nervous system (54). 
The TLR4/NF-κB signaling pathway is activated under 
conditions of ischemia and hypoxia, causing inflammatory 
injury; whereas, inhibition of the TLR4/NF-κB signaling 
pathway can inhibit  inf lammatory responses  and  
apoptosis (55). Previous studies have found that TLR4 is 
significantly activated in cerebral I/R injury models, but 
TLR4 inhibitors can inhibit this phenomenon to reduce 
cerebral infarction volume and inflammatory cytokine 
expression (56). In addition, pretreatment with TLR4 
inhibitors can reduce NF-κB signal transduction, thereby 
inhibiting microglia from producing pro-inflammatory 
cytokines such as IL-1β, TNF-α, and IL-6 (57). To further 
verify the regulatory relationship between the TLR4 
signaling pathway, NLRP3 inflammasome activation, and 
apoptosis, OGD/R-induced BV2 cells were incubated with 
TAK242, a specific inhibitor of TLR4. Upon inhibiting 
TLR4 expression with TAK242, NLRP3 inflammasome 
activation and apoptosis were observed in OGD/R-induced 
BV2 cells. Thus, TAK242 could simultaneously inhibit the 
TLR4 signaling pathway, NLRP3 inflammasome activation, 
and apoptosis of OGD/R-induced BV2 cells. These results 
suggest that inhibition of TLR4 has the same effect as 
treatment with Sal. Thus, we speculate that the protective 
effect of Sal may be realized by reducing activation of the 
NLRP3 inflammasome and apoptosis through inhibition of 
the TLR4/NF-κB signaling pathway. 

In this study, we preliminarily demonstrated the 
abovementioned phenomenon in an ischemic stroke rat 
model. We found that Sal reduced cerebral infarction 
volume and inhibited apoptosis of brain cells in the MCAO/
R rat model. Therefore, we hypothesized that Sal may 
also inhibit microglial apoptosis. In addition, IHC and 
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immunofluorescence staining suggested that Sal could 
inhibit the NLRP3 inflammasome activation in microglia. 
However, the specific regulatory mechanism of this 
inhibitory effect of Sal in rats remains to be further studied. 
In conclusion, in vivo experiments further confirmed that 
Sal may inhibit NLRP3 inflammasome activation and 
apoptosis in microglia induced by cerebral I/R injury.

Conclusions

Through this study, we found that Sal inhibits NLRP3 
inflammasome activation and apoptosis in microglia induced 
by cerebral I/R injury by a mechanism potentially related 
to inhibition of the TLR4/NF-κB signaling pathway. 
This study provides new theoretical support for Sal in the 
treatment of ischemic stroke.
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