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Abstract
Pyroptosis is a newly identified lytic form of programmed cell death which is characterized by plasma membrane blebbing 
and rupture. Pyroptosis occurs in cerebral ischemia injury, and contributes to the activation and secretion of the inflamma-
tory cytokines interleukin (IL)-1β, IL-18, and IL-6. Previous reports have found that Dendrobium alkaloids (DNLA) can 
exert neuroprotective effects against oxygen–glucose deprivation/reperfusion (OGD/R) damage in vitro, but the mechanisms 
underlying these effects remain elusive. In this study, we investigated whether DNLA exerted therapeutic benefits against 
cerebral ischemia–reperfusion (CIR) damage via ameliorating pyroptosis and inflammation. OGD/R damage was induced in 
HT22 cells pretreated with DNLA (0.03, 0.3, or 3 mg/ml, 24 h prior to OGD/R), MCC950 (10 ng/ml, 1 h prior), and VX765 
(10 ng/ml, 1 h prior). Neuronal apoptosis, necrosis, pyroptosis, and pathological changes were analyzed 24 h following 
OGD/R. Further to this, male C57/BL mice pretreated with different concentrations of DNLA (0.5 or 5 mg/kg, ip.) for 24 h 
and VX765 (50 mg/kg, ip., 1 h before CIR) underwent transient middle cerebral artery occlusion and reperfusion. We found 
that DNLA pretreatment resulted in a lower neurologic deficit score, a reduced infarct volume, fewer pyroptotic cells, and 
reduced levels of inflammatory factors 24 h after CIR. Furthermore, DNLA administration also reduced the levels of the 
pyroptosis-associated proteins Caspase-1 and gasdermin-D, particularly in the hippocampal CA1 region. Similar decreases 
were observed in the levels of the inflammatory factors IL-1β, IL-6, and IL-18. OGD/R-associated ultrastructural damage 
was seen to improve following DNLA administration, likely due to the regulation of the tight junction protein Pannexin-1 
by DNLA. Overall, these findings demonstrate that DNLA can protect against CIR damage through inhibiting pyroptosis-
induced neuronal death, providing new therapeutic insights for CIR injury.
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Introduction

Acute cerebral ischemic stroke is a severe neurological 
injury caused by thrombogenesis in the cerebral circula-
tion which deprives the brain of nutrients and oxygen. 

This can lead to immobility, disability, and even death 
[1]. The only therapeutic option currently available for this 
disease is thrombolysis using recombinant tissue-plasmi-
nogen activator. This, however, has significant shortcom-
ings, namely a narrow therapeutic time window of just 
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4.5 h after the onset of symptoms and the potential risk of 
symptomatic intracranial hemorrhage [2]. Increasing evi-
dence has suggested that inflammation plays a major role 
in ischemic stroke [3]. Presently, novel treatment strategies 
for acute ischemic stroke are urgently required.

Pyroptosis is a newly identified inflammatory form of 
programmed cell death. It is characterized by cell swelling 
and lysis, plasma membrane disruption, and the release 
of pro-inflammatory cytokines, ultimately inducing an 
inflammatory response after ischemic stroke [4]. It is well 
established that necrosis is a form of programmed cell 
death involved in stroke, and is mainly triggered by the 
mixed lineage kinase domain-like protein [5]. Pyroptosis 
is also known as caspase-1- or caspase-11-dependent pro-
grammed cell death, and is characterized by the formation 
of nonselective plasma membrane ion channels. A differ-
ent type of ion channels are formed in necroptosis, which 
allow the influx of selected ions to induce cell swelling 
[6]. Pyroptosis can be triggered by the activation of vari-
ous inflammasome complexes such as Nod-like receptor 
3 (NLRP-3) [7] and the tight junction protein Pannexin-1 
[8]. Previous studies have shown that high extracellular 
K+ and mitochondrial reactive oxygen species (ROS) lev-
els induced by arterial ischemic stroke can activate Cas-
pase-1 via NLRP-3 eand Pannexin-1 [8–10]. Caspase-1 
is an essential precursor of pyroptosis which cleaves and 
activates the pore-forming effector molecule gasdermin-
D (GDSMD) [11, 12]. Cleavage of GDSMD separates 
its N-terminal product (GSDMD-NT) and C-terminal 
fragment (GSDMD-CT). GSDMD-NT then binds to the 
plasma membrane, generating large pores [13, 14]. These 
membrane pores then facilitate the release of cytoplas-
mic contents such as interleukin (IL)-1β, IL-6, and IL-18, 
which are inflammatory mediators of pyroptosis. Previ-
ous studies have focused on Caspase-1 as a promising tar-
get for alleviating cerebral ischemia–reperfusion (CIR)-
induced brain inflammation. However, these studies failed 
to demonstrate the role of pyroptosis in CIR injury, and 
did not elucidate the balance between apoptosis, necrosis, 
and pyroptosis in murine stroke model [15, 16].

Belnacasan (VX765), a potent and selective inhibitor of 
Caspase-1, is converted into the active drug VRT-043198 
in vivo, and can exert a strong anti-inflammatory action 
through inhibiting the release of IL-1β, IL-6, and IL-18 [17, 
18]. VX765 has been shown to slow down the progression 
of neurodegeneration, Aβ accumulation, and neuroinflam-
mation in a mouse model [19, 20]. Furthermore, the selec-
tive, small-molecule inhibitor MCC950 has been postulated 
to reduce infarction through blocking both canonical and 
non-canonical NLRP3 activation, thus down-regulating 
Caspase-1 and diminishing the inflammatory response [15, 
21, 22]. Hence, the effects of both VX765 and MCC950 
demonstrate that pyroptosis is associated with CIR injury, 

identifying a potential novel therapeutic strategy for brain 
ischemic diseases.

Dendrobium alkaloids (DNLA) have been reported to 
exert therapeutic effects against cataracts, retinal inflam-
mation, and fungi-induced inflammation. DNLA are active 
components extracted from the famous traditional Chinese 
herbal medicine Dendrobium [23, 24]. The primary active 
ingredients of Dendrobium include alkaloids, stilbenoids, 
glycosides, and polysaccharides [25]. Significant research 
has been conducted into the anti-oxidative, anti-microbial, 
anti-Aβ injury, and anti-inflammatory activities of DNLA 
[26–28]. Furthermore, previous studies have demonstrated 
that DNLA exerts neuroprotective effects against (OGD/R)-
induced injury in primary cultures of rat cortical neurons 
[29], though the mechanisms of action underlying these 
effects have not yet been elucidated.

This study investigated the effects of DNLA on pyroptotic 
cell death in vivo and in vitro, and evaluated the involvement 
of CIR-associated Caspase-1/GSDMD signaling. Ultimately, 
this study aimed to cast light on an innovative putative clini-
cal application of DNLA and elucidate potential novel treat-
ments for stroke.

Results

DNLA Inhibit the Pyroptosis of HT22 Cells After 
OGD/R

We conducted a number of cell death assays [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
and lactate dehydrogenase (LDH) release] to investigate the 
existence of pyroptosis in HT22 cells after OGD/R in vitro 
[30]. Cell mortality rate and LDH release rate were sig-
nificantly higher in the OGD/R group than in any of the 
DNLA groups. A significantly reduced LDH release rate was 
noted in the H DNLA group (high dose dendrobine alka-
loids group, 3 mg/ml) (Fig. 1a and b; **P < 0.01). Impor-
tantly, PEG3000 could block the membrane pores initiated 
by pyroptotic proteins according to previous proposal that 
large size PEG could block the pyroptotic pores [31], which 
also meant that PEG3000 could be used to identify the 
occurrence of pyroptosis. In comparison to the cell group 
challenged with OGD/R, cells pretreated with DNLA (3 mg/
ml) exhibited significantly lower mortality and LDH leak-
age rates (Fig. 1a and b; **P < 0.01). Cell mortality rate and 
LDH leakage rate were almost unchanged when PEG3000 
(1%) was added into F12 nutrient medium, suggesting that 
PEG3000 (1%) did not influence cell survival rate. Inter-
estingly, the group (OGD/R + PEG3000(1%) → Media) in 
which PEG3000 (1%) was added during OGD exhibited 
significantly lower mortality and LDH leakage rates than 
the group (OGD/R + Media → PEG3000(1%)) in which 
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Fig. 1   Neuroprotective effect 
of DNLA on HT22 cells at 
24 h after OGD/R (n = 20) in 
different groups. a Cell viability 
was evaluated by performing 
MTT staining. b LDH release 
analysis. c–f The quantity of 
necrotic cells and pyroptotic 
cells were analyzed by annexin 
V and PI staining. c Control 
group. d OGD/R group. e OGD/
R+H DNLA group. f OGD/
R+VX765 group ##P < 0.01 
versus control group; **P < 0.01 
versus OGD/R group. g Ratio 
of pyroptosis and necrosis. 
##P < 0.01 versus control group; 
**P < 0.01 versus OGD/R group
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PEG3000 (1%) was added into F12 nutrient medium after 
OGD/R (Fig.  1a and b; **P < 0.01). Thus, pyroptosis 
progressed during the course of OGD. Similarly, VX765 
(10 ng/ml), an inhibitor of Caspase-1, suppressed pyrop-
tosis—the group of VX765-treated HT22 cells exhibited 
lower cell mortality and LDH release rates than the other 
groups (Fig. 1a and b; **P < 0.01). In the VX765 group, 
cell mortality rate and LDH leakage rate decreased to 27.8% 
(± 0.3%) and 27.4% (± 0.7%), respectively. Collectively, our 
data implied that DNLA pretreatment improved neuronal 
function by inhibiting pyroptosis after OGD/R.

DNLA Relieve OGD/R‑Induced HT22 Pyroptosis 
and Necrosis

In this experiment, pyroptotic cells exhibited PI and Annexin 
V double-staining (Fig. 1c–f; Q1-UR quadrant) [32]. In our 
results, the OGD/R group exhibited a higher pyroptosis rate 
than the control group. Both the H DNLA group (3 mg/ml) 
and the VX765 group exhibited significantly lower pyrop-
tosis rates than the OGD/R group (Fig. 1c–f; ##P < 0.01). 
Meanwhile, Annexin V positive staining and PI negative 

staining serves as a sensitive probe for flow cytometric anal-
ysis of cells that are undergoing apoptosis, but the apoptotic 
cells (Fig. 1c–f; Q1-LR) did not show significant differences, 
suggesting that DNLA played a vital neuroprotective role 
against OGD/R-induced pyroptosis.

DNLA Exert a Protective Effect Against OGD/
R‑Induced Pyroptotic Damage in HT22 Cells

To detect whether OGD/R-induced pyroptotic ultrastructural 
changes occurred in HT22 cells, we assessed cell membrane 
morphological features during different stages of OGD/R 
using scanning electron microscopy (SEM). In the OGD/R 
group, the cell membrane was severely destroyed, exhibiting 
asymmetric pyroptotic bodies and multiple foamy protru-
sions (Fig. 2a). Compared to the OGD/R group, HT22 cells 
in the control (DMSO) group exhibited less swelling and the 
pyroptosis-induced pores observed in the late stage of the 
OGD/R group were also visible (Fig. 2a). To further these 
SEM results, we stained for Caspase-1, the chief activator 
of pyroptosis. A greater number of Caspase-1-positive cells 
was noted in the OGD/R group than in the H DNLA (3 mg/

Fig. 2   Pyroptosis in HT22 cells initiated at the early stage of oxygen 
glucose deprivation/reperfusion (OGD/R) and cells were stained with 
double immunofluorescence labeling (green and blue) showed DNLA 
downregulates expression of Caspase-1 protein (green) in neurons. a 
Representative scanning electronic microscopy images of the mor-
phological changes of HT22 cells treated as in OGD/R. Arrowheads 
point to the presence of foaming pyroptotic bodies released by HT22 

cells in different stage. Scale bar, 5 µm. b Changes of pyroptotic pro-
tein Caspase-1 expression in HT22 cells during OGD. Detection of 
Caspase-1 in HT22 cells challenged with OGD/R by immunofluo-
rescence assay (n = 5). Scale bar, 50  µm. c Quantification of green-
labelled Caspase-1-positive cells. ##P < 0.01 versus control group; 
*P < 0.01 versus OGD/R group; **P < 0.01 versus OGD/R group
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Fig. 2   (continued)
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ml) group, VX765 group (10 ng/ml), and MCC950 group 
(10 ng/ml) (Fig. 2b). Taken together, these data suggest 
that OGD/R induced pyroptosis in HT22 cells, and DNLA 
exerted a beneficial effect against this OGD/R-induced 
pyroptotic damage.

DNLA Exert a Neuroprotective Effect Against CIR 
Injury in the MCAO Mouse Model

To investigate whether DNLA could ameliorate CIR injury, 
neurological deficit score and infarct volume were evaluated 
in the Sham group, CIR group, and DNLA groups (treated 
with 0.5 or 5 mg/kg DNLA). Compared to the CIR group, 
the L (0.5 mg/kg) and H (5 mg/kg) DNLA groups exhibited 

8% and 15% smaller infarct volumes, respectively (Fig. 3a 
and b; **P < 0.01). Meanwhile, the neurological deficit score 
of the CIR group was significantly higher than that of the 
Sham group. Compared to the CIR group, the neurological 
deficit scores of the L (0.5 mg/kg) and H (5 mg/kg) DNLA 
groups were significantly lower (Fig. 3c; **P < 0.01). These 
results demonstrated that DNLA exerted a significant neuro-
protective effect against neuronal CIR injury.

Magnetic resonance imaging (MRI) was used to detect 
the infarct volume in the mice brains. The MRI results 
agreed with the results of the TTC staining (Fig. 3c and 
d; **P < 0.01). Taken together, these results demonstrated 
that DNLA improved neurological function in the mouse 
after CIR.

Fig. 3   Cerebral ischemic lesion volume and signal intensities 
were detected by 2,3,5-Triphenyltetrazoliumchloride (TTC) and 
T2-weighted magnetic resonance imaging (MRI) from the different 
groups; note that reductions in infarct volume and T2 signal intensity 
and alleviation of neurological deficits after cerebral ischemia–rep-
erfusion were observed in C57/BL mice pretreated with DNLA (0.5 
or 5  mg/ml). a Representative TTC stained brain sections showing 
areas of healthy tissue (red) and ischemic injury (white) of differ-
ent group (n = 6). b Quantitative analysis of ischemic lesion volume. 

c Neurological severity scores of each group evaluated at 24 h after 
reperfusion. d Each image represents the MRI results of different 
groups—note the T2-weighted signal intensity evolution indicated 
by blue arrows. A larger and more intense white highlighted region 
represents more severe cerebral damage (n = 6). e T2 signal intensity 
were observed in different groups. ##P < 0.01 versus Sham group; 
Sham = sham-operated group; vehicle = vehicle-operated CIR group; 
**P < 0.01 versus Vehicle group
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DNLA Mitigate a Component of CIR‑Induced 
Pyroptotic Neuronal Death in the Mouse Cerebral 
CA1 Region

There are distinctive morphological differences between 
apoptosis, necroptosis, and pyroptosis. To investigate 
whether DNLA exerted a neuroprotective effect against 
CIR-induced cerebral injury, we employed Nissl staining 
to analyze changes in the diameter and number of neurons 
during CIR. Compared to the normal control mice, we noted 
an apparent decrease in neuronal density in the CA1 area 
(Fig. 4a and b) and an increase in neuronal diameter (Fig. 4a 
and c) after CIR. However, treatment with DNLA and 
VX765 limited the decrease in neuron number and main-
tained neuronal diameter within a normal range, retarding 
cell swelling (Fig. 4a–c). Thus, H&E stained slices were 
employed and analyzed using ultrahigh resolution fluores-
cent microscopy to further elucidate the forms of neuronal 
death occurring in the cerebrum after CIR. In the hippocam-
pal CA1 region of the CIR group, we observed multiple 
small cerebral infarcts with apoptotic cells (membrane bleb-
bing, shrunken soma, and concentrated nucleus), necrotic 
cells (intact nucleus, expanded soma like an over-inflated 
balloon), and pyroptotic cells (less swollen than necrotic 
cells, exhibiting a cabbage or fried-egg-like appearance with 
a detached nucleus in the center) (Fig. 4d). This was in sharp 
contrast to the Sham group, in which cells exhibited a nor-
mal appearance [6]. Notably, pyroptotic cells were densely 
distributed throughout the hippocampal CA1 region, but 
were rarely observed in the cortex (Fig. 4d). Furthermore, 
mice administered DNLA and VX765 exhibited pathologi-
cal improvement and reduced cerebral damage after CIR 
(Fig. 4d). Together, these results indicated that pyroptotic 
brain cells coexisted with apoptotic and necrotic cells in the 
hippocampal CA1 region and parts of the cerebral cortex, 
and pyroptosis accounted for a certain proportion of neu-
ronal death. Therefore, DNLA exerted an anti-pyroptotic 
effect in CIR-induced cerebral injury.

DNLA Inhibit the Pyroptosis‑Associated 
Inflammatory Cascade by Regulating 
Proptosis‑Related Protein Levels in Mice

Caspase-1 is responsible for the proteolytic maturation of 
IL-1β. VX765, an inhibitor of Caspase-1, was administered 
to C57BL mice to investigate whether pyroptosis-induced 
cerebral inflammation after CIR could occur in the absence 
of Caspase-1 and to determine the effect of DNLA on areas 
of brain damage. Compared to the Sham group, the expres-
sion of IL-1β, IL-6, and IL-18 was significantly increased 
in the MCAO mice 24 h after CIR (Fig. 5a and b; #P < 0.05, 
##P < 0.01). Compared to the CIR group, the DNLA groups 
and VX765 group all exhibited significantly lower IL-1β, 

IL-6, and IL-18 expression (Fig.  5a and b; **P < 0.01, 
*P < 0.05). These findings demonstrated that in mice, DNLA 
could ameliorate CIR-induced cerebral injury via the sup-
pression of inflammation.

DNLA Exert a Neuroprotective Effect Against CIR 
Injury by Regulating the Pyroptotic Mastermind 
Caspase‑1 In Vivo and In Vitro

Caspase-1 induces the release of a series of inflammatory 
cytokines and promotes GSDMD-dependent membrane 
pore formation, ultimately initiating pyroptosis. To identify 
whether Caspase-1 initiated neuronal pyroptosis after CIR 
and if DNLA exerted an anti-pyroptotic effect, the protein 
levels of Caspase-1, GSDMD, and GSDMD-C were meas-
ured in all five in vivo groups and six in vitro groups. Com-
pared to the CIR vehicle group, the VX765 and H DNLA 
groups exhibited significantly lower Caspase-1 and GSDMD 
protein levels (Fig. 6a and c; **P < 0.01, *P < 0.05). In con-
trast, GSDMD-C expression was significantly increased in 
these groups (Fig. 6a and c; *P < 0.05). As expected, the 
Western blot Caspase-1, GSDMD, and GSDMD-C results 
were consistent between the in vitro and in vivo experiments 
(Fig. 6b and d; **P < 0.01, *P < 0.05). Overall, DNLA pre-
administration substantially down-regulated the expression 
of Caspase-1 and retarded the pyroptosis of brain cells, 
attenuating CIR-induced cerebral damage. It could also be 
concluded that GSDMD cleavage by Caspase-1 was the 
executor of pyroptosis after CIR.

DNLA Ameliorate CIR In Vivo via Inhibiting Neuronal 
Pyroptosis

The levels of NLRP3, Caspase-1, and Pannexin-1 were 
detected by Western blot to further investigate the pyroptotic 
mechanism occurring in vivo. Compared to the Sham group, 
the CIR group exhibited significantly higher Caspase-1 
and NLRP3 protein levels (Fig. 7a, b, and d; #P < 0.05, 
##P < 0.01). However, DNLA pretreatment significantly 
decreased Caspase-1 and NLRP-3 protein levels after CIR 
in vivo (Fig. 7a, b, and d; **P < 0.01, *P < 0.05). Strikingly, 
the Western blot results demonstrated reduced fluctuations 
in Pannexin-1 protein levels in the DNLA and MCC765 
groups compared to the obvious decreases in Caspase-1 and 
NLRP-3 protein levels, likely due to enhanced protein glyco-
sylation (Fig. 7a–d, **P < 0.01, *P < 0.05). These data indi-
cate that Caspase-1 was down-regulated by DNLA, affect-
ing cell morphogenesis and permeability. Thus, extracellular 
ATP liberation from Pannexin-1-related channels during 
pyroptosis in the mouse cerebral CA1 region was investi-
gated using transmission electron microscopy (TEM) and 
immunofluorescence. When the hippocampal CA1 region 
was stained, the CIR group exhibited greater numbers of 
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red-stained Pannexin-1-positive cells and green-stained 
Caspase-1-positive cells than the H DNLA group, VX765 
group, and MCC950 group (Fig. 8a and b). Compared to the 
Sham group, the CIR group also exhibited a greater number 
of swollen mitochondria and partly disintegrated and frac-
tured myelin figures (Fig. 8c). DNLA treatment and VX765 
treatment exerted protective effects on the mitochondria. 
These protective effects were also exerted by MCC950, the 
NLRP3-Caspase-1 pathway inhibitor (Fig. 8c). The data 
above demonstrated that DNLA could palliate CIR injury 
in vivo via inhibiting neuronal pyroptosis.

The Caspase‑1 Inhibitor VX765 Desensitizes 
the Brain to CIR Injury

To further investigate the role DNLA play in cerebral pro-
tection after CIR, we muted Caspase-1 expression in mice 
by pre-administrating the Caspase-1 inhibitor VX765. The 
CIR+H DNLA+VX765 group exhibited a significantly 
decreased neurological deficit score, T2 signal inten-
sity, and infarct volume compared to the CIR+H DNLA, 
CIR+VX765, and CIR groups (Fig.  9a–d; &P < 0.05, 
&&P < 0.01). This also testified that acute CIR injury was 
conspicuously ameliorated in the CIR+H DNLA+VX765 
group (Fig. 6a and c; **P < 0.01, *P < 0.05). Interestingly, 
the H DNLA and VX765 groups exhibited little difference 
with respect to T2 signal intensity, cerebral infarct volume, 
and neurobehavioral score, suggesting that DNLA and 
VX765 may act on the same target with the same function. 
Taken together, our data demonstrated that DNLA could 
protect against CIR injury in association with Caspase-1 
inhibition.

Discussion

Pyroptosis, also known as Caspase-1-dependent pro-
grammed cell death, is a newly identified inflammatory 
form of programmed cell death that is triggered by micro-
bial stimuli, calcium overload, and free radicals. Previous 
reports have demonstrated the neuroprotective effects of 

DNLA against OGD/R-induced impairment [28], though the 
mechanisms underlying these effects remain unclear. This 
study is the first to successfully demonstrate that pyroptosis 
occurs in CIR injury, and that DNLA can protect brain tis-
sues from CIR damage via inhibiting pyroptotic cell death 
in vivo and in vitro. We demonstrated that DNLA can down-
regulate IL-1β, IL-6, and IL-18, diminishing the ischemic 
inflammatory cascade reaction, and can mute GSDMD and 
Pannexin-1 expression, delaying the lysis of neurons.

Cell death via different biochemical pathways produces 
distinct morphological and functional outcomes. The most 
studied and widely recognized forms of programmed cell 
death are apoptosis and necrosis [28, 33]. It is generally 
accepted that apoptosis is not associated with an inflamma-
tory response, but is characterized by cell shrinkage, mem-
brane blebbing, nuclear condensation, and the generation of 
apoptotic bodies. Necrosis is characterized by the formation 
of selective pores, membrane permeabilization, and plasma 
explosion [34, 35]. Pyroptosis has gained attention in the 
last few years, and is characterized by cytoplasmic flatten-
ing, mitochondrial and organelle swelling, the formation of 
non-selective pores, and the generation of pyroptotic bodies 
which are a similar size to apoptotic bodies. Although there 
is a clear difference in the morphologic features of apoptosis, 
necrosis, and pyroptosis, a number of different methods have 
been used to testify the existence of pyroptosis in ischemic 
vascular disease. Currently, immunofluorescence staining 
and flow cytometry are utilized to identify pyroptotic cells, 
and have been used to determine the forms of cell death that 
occur in the hippocampal CA1 region [36]. Surprisingly, the 
OGD/R group exhibited a slightly reduced apoptotic neu-
ron death toll, demonstrating the suppression of apoptosis 
by pyroptosis, likely due to competition among apoptosis, 
pyroptosis, and necroptosis [37]. It has also been found that 
pyroptotic and necroptotic cells have distinct morphological 
features [6, 38]. Furthermore, LDH release, H&E staining, 
SEM, and TEM can be jointly conducted to give a mor-
phological depiction of pyroptotic neuronal death [31, 39] 
in in vitro and in vivo experiments. In our study, the flow 
cytometry analysis demonstrated that pyroptosis, necrosis, 
and apoptosis are all involved in hypoxic-ischemic brain 
damage. Immunofluorescence and H&E staining demon-
strated that in the hippocampal CA1 region, there are more 
pyroptotic neurons than apoptotic and necroptotic neurons, 
and this is reversed in the cerebral cortex. In addition, our 
research demonstrated a number of cellular ultrastructure 
changes of pyroptotic neurons, namely swollen mitochon-
dria, the release of pyroptotic bodies, cabbage-like pyrop-
totic cell corpses, the formation of membrane pores, and 
less cell swelling than necrotic cells. In previous studies, it 
has been shown that PEG3000 endows cells with an anti-
pyroptotic ability and can be used to distinguish pyroptosis 
from necrosis via blocking non-selective membrane pores. 

Fig. 4   DNLA administration attenuate cerebral ischemia–reperfusion 
(CIR)-induced neuronal impairment in the hippocampal CA1 region 
in C57/BL mice. a Nissl-stained sections indicating that DNLA 
decrease CIR-induced neuronal death in the hippocampus of C57/
BL mice (n = 3), scale bar, 100 µm. b Quantification of Nissl-positive 
neurons in each group. The number of Nissl bodies decreased nota-
bly after middle cerebral artery occlusion (MCAO) (n = 3), ##P < 0.01 
versus Sham group, **P < 0.01 versus Vehicle group. c Analysis of 
the diameter of the neurons in the CA1 region among groups (n = 3), 
##P < 0.01 versus sham group, **P < 0.01 versus Vehicle group, 
*P < 0.05 versus Vehicle group. d Hematoxylin–eosin staining (H&E) 
staining of mouse brain slices and hippocampal CA1 region 24 h after 
MCAO was performed (n = 3), scale bar, 100 µm

◂
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In our in vitro experiment, we observed that LDH was 
released weakly from HT22 cells after 24 h of OGD/R cul-
tured with PEG3000, though once PEG3000 was added into 

routine culture, LDH release increased [40]. Larger PEGs 
are typically not used because of their proven cytotoxicity. 
Our data therefore imply the occurrence of pyroptosis in 

Fig. 5   DNLA further diminishes the activation of IL-1β, IL-6 and 
IL-18 in the hippocampal CA1 region at 24 h after transient cerebral 
ischemia in mice. a Representative Western blot showing the expres-
sion of IL-1β, IL-6 and IL-18 in mouse cerebral CA1 region (n = 6). 
b Quantification of the average levels of IL-1β, Il-6, and IL-18 from 

Western blot. Error bars depict the SD. All values are expressed as 
percent change relative to control group and were corrected by the 
level of β-actin. ##P < 0.01 versus Sham group; #P < 0.05 versus Sham 
group; **P < 0.01 versus Vehicle group; *P < 0.05 versus Vehicle 
group

Fig. 6   DNLA prevents pyroptotic death of hippocampal CA1 neu-
rons induced by ischemic injury through inhibition of caspase-1. a 
Western blot analysis of Caspase-1, GSDMD and GSDMD-C after 
CIR in mouse cerebral CA1 region (n = 6). b Western blot analysis of 
Caspase-1, GSDMD, GSDMD-C at 24  h after oxygen glucose dep-
rivation (OGD) in Ht22 cells (n = 6). c Quantification of the expres-
sion of Caspase-1, GSDMD, and GSDMD-C in the mouse CA1 

region in each group, determined via Western blot. d Quantification 
of the expression of Caspase-1, GSDMD, and GSDMD-C in HT22 
cells of each group, determined via Western blot. ##P < 0.01 versus 
Sham group; #P < 0.05 versus Sham group; **P < 0.01 versus Vehi-
cle group; *P < 0.05 versus Vehicle group; ##P < 0.01 versus Control 
group; #P < 0.05 versus Control group; **P < 0.01 versus OGD/R 
group; *P < 0.05 versus OGD/R group
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the hippocampal CA1 region and suggest that DNLA exert 
cerebral neuroprotection by blocking pyroptotic cell death.

Pyroptotic lytic cell death is dependent on the NLR-medi-
ated activation of Caspase-1 [41, 42], which promotes the 
secretion of IL-1β, IL-6, and IL-18 and induces the expres-
sion of GSDMD [14]. NLRP3, a crucial member of the NLR 
family, can recognize some damage-associated molecular 
patterns (DAMPs) [43] and pathogen-associated molecular 
patterns (PAMPs) such as heat shock proteins and S100 pro-
teins that can also activate Toll-like receptors and thus per-
petuate the inflammatory cascade reactions [44]. However, 
the mechanisms underlying ischemic cerebral vascular dis-
ease-associated pyroptotic neuronal death have not yet been 
discovered. Pretreatment with DNLA significantly decreased 
neurological deficit score and cerebral infarct volume, and 
maintained the integrity of the neuronal membrane, Nissl 

bodies, and organelles, proving that DNLA elicit neuropro-
tective effects against ischemic disease. Simultaneously, 
after CIR injury, the expression of Caspase-1 was signifi-
cantly lower in the DNLA groups than the CIR group. Thus, 
we believe that the Caspase-1-mediated pyroptotic canonical 
inflammasome pathway, which can be effectively targeted 
and inhibited by DNLA, serves as the principal mechanism 
of CIR-induced hippocampal CA1 region impairment, rather 
than the pyroptotic uncanonical inflammasome pathway 
which is directly activated by intracellular bacterial lipopoly-
saccharide [45].

There is mounting evidence indicating that NLRP3 
assembles pro-Caspase-1, triggering a signal cascade that is 
crucial for the production of inflammatory cytokines such as 
IL-1β, IL-6, and IL-18 in parallel with other well-established 
signal cascades mounted by TLRs [46, 47]. The activation of 

Fig. 7   Effects of DNLA pretreatment on the expression of NLRP-3, 
Caspase-1, and Pannexin-1 extracted from mouse cerebral hippocam-
pus 24  h after reperfusion. a NLRP-3, Caspase-1, and Pannexin-1 
expression were assessed by Western blot analysis using the corre-
sponding antibody and the β-actin loading control antibody(n = 6). 
b Quantification results are shown for the NLRP-3 immunoblot data 

presented; c quantification results are shown for the Pannexin-1 
immunoblot data presented; d Quantification results are shown for the 
Caspase-1 immunoblot data presented. ##P < 0.01 versus Sham group; 
#P < 0.05 versus Sham group; **P < 0.01 versus Vehicle group; 
*P < 0.05 versus Vehicle group
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Burton’s tyrosine kinase in the infarcted area of the ischemic 
cerebrum has been shown to be essential for NLRP3 inflam-
masome activation, Caspase-1 activation, and mature IL-1β 
production [48]. At present, it is well acknowledged that 
IL-1β, IL-6, and IL-18 inflict grievous damage to the brain 
in CIR [49, 50]. These pivotal inflammatory molecules 

adversely affect neuronal survival and adopt different roles 
in the progression of stroke damage [51, 52]. IL-1β acts 
as the promoter of inflammatory reactions, IL-6 serves as 
the regulator of intercellular adhesion molecule synthesis, 
and IL-18 functions as a chemotactic cytokine. These mol-
ecules coordinate closely and mutually promote each other, 

Fig. 8   Inhibition of caspase-1 upon incubation with DNLA attenu-
ates CIR-induced damage in the hippocampal CA1 region in C57/
BL mice. a, b Immunofluorescence staining for Caspase-1 and Pan-
nezin-1 in the hippocampal CA1 region of different groups (n = 3) 
respectively, Scale bar, 100 µm. c Transmission electron microscopy 

images of neuronal mitochondrial morphological changes in the hip-
pocampal CA1 region of ischemia–reperfusion-challenged C57/BL 
mice. Blue arrows mark swollen and vacuole-like structures, DNLA 
inhibit pyroptotic neuronal death via the reactive oxygen species-
dependent mitochondrial signaling pathway (n = 3), scale bar, 2 µm
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inducing an inflammatory cascade and greatly amplifying 
pyroptotic inflammation [53–55]. We demonstrated that in 
a mouse model, 24 h of CIR induced increased Caspase-1 
protein expression and significantly increased IL-1β, IL-6, 
and IL-18 expression and activity. However, the expression 
of IL-1β, IL-6, and IL-18 was significantly reduced in the 
VX765 and DNLA groups. Our data demonstrate that the 
binding of DNLA to Caspase-1 could combat CIR-induced 
cerebral injury by diminishing pyroptosis-induced inflam-
matory cytokine secretion. Our findings also indirectly ver-
ify that IL receptors are abundantly distributed within parts 
of the hippocampal CA1 region.

Recent studies have shown that GSDMD, a specific sub-
strate of Caspase-1, is a prerequisite effector of the pyrop-
totic canonical inflammasome pathway [11] and plays an 
indispensable role in IL-1β secretion but not in IL-1β pro-
cessing [56]. GSDMD is specifically and precisely cleaved 
by Caspase-1 into GSDMD-NT and GSDMD-CT. GSDMD-
N then typically translocates to the plasma membrane, lysing 
liposomes and forming pores [57, 58]. GSDMD has been 
shown to promote the CIR-related NLRP1 and NLRP3, 
though the mechanism underlying this has not yet been elu-
cidated [11]. A considerable number of GSDMD oligomers 
recruit NLRP1 and NLRP3, aggravating pyroptotic neuronal 

Fig. 9   The Caspase-1 inhibitor VX765 and DNLA exert similar and 
non-additive neuroprotective effects in mice subjected to CIR injury. 
a Representative images of 2,3,5-Triphenyltetrazolium chloride 
(TTC)-staining coronal brain sections at 24 h after MCAO (n = 20). 
b Illustration of the cerebral ischemic lesion volume. c Illustration of 
the neurologic deficit score (n = 20). d Representative images of T2 

weighted signal intensity changes in the ischemia reperfusion region 
in the mouse brain(n = 6), blue arrows highlight the infarct areas. e 
Quantification of T2 signal intensity in each group. ##P < 0.01 ver-
sus Sham group; **P < 0.01 versus Vehicle group; &&P < 0.01 versus 
CIR + H DNLA group; &P < 0.05 versus CIR + H DNLA group
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death in the brain. Our in vivo and in vitro findings demon-
strated that compared to the CIR group, the expression of 
GSDMD in the DNLA groups was decreased, particularly in 
the 3 mg/ml (in vitro) and 5 mg/kg (in vivo) groups. Com-
pared to the CIR group, the expression of GSDMD-C in 
the DNLA and VX765 groups was increased. These results 
endorse the previous finding that GSDMD-C autoinhibits 
GSDMD-N oligomerization [11] in stroke, and demonstrate 
that DNLA protect against CIR injury via the formation of 
anti-pyroptotic membrane pores.

Pannexin-1 channels are expressed in the cytoplasm of 
hippocampal neurons [8], and are thought to serve as ATP 
release channels [59] and govern inflammasome signal-
ing. Ischemic insults can open Pannexin-1 hemichannels, 
increasing plasma membrane permeability. This results in 
imbalances in cellular ions and the loss of cellular energy, 
together accelerating ischemic neuronal damage [60]. Pan-
nexin-1 further activates the purine receptor P2X7, promot-
ing an amplification loop for the release of intracellular 
ions and IL-1β [61, 62]. Furthermore, 20 min of ischemia 
may irreversibly open Pannexin-1 channels irrespective 
of whether the blood supply to isolated brain neurons is 
resumed [63]. We unequivocally infer that Pannexin-1 is one 
of the critical effectors in CIR injury. It has been verified 
in retinal neurons that Pannexin-1 ablation notably reduces 
plasma membrane permeation [64]. Our data suggest that 
Pannexin-1 may mediate NLRP3 inflammasome activation 
via the same signaling pathway as GSDMD-N, promoting 
the release of cytokines like IL-1β in central nervous sys-
tem disease. It is plausible that most Pannexin-1 proteins 
are present on the surface membrane. Our Western blot and 
immunofluorescence results both demonstrated a significant 
increase in Pannexin-1 expression after CIR, and DNLA 
pretreatment was shown to significantly reduce Pannexin-1 
expression. This suggests that the production of ROS, espe-
cially nitric oxide, after CIR injury may be involved in Pan-
nexin-1 hemichannel opening [63]. Moreover, in a previous 
study, co-immunoprecipitation of neuronal lysates indicated 
that Pannexin-1 closely relates with inflammasome complex 
components such as Caspase-1 [8], suggesting that Pan-
nexin-1 plays a key role in neuronal pyroptosis in stroke. The 
opening of Pannexin-1 channels and the formation of mem-
brane pores by GSDMD-N are both involved in the osmotic 
swelling of neurons, inducing cell lysis and promoting the 
release of inflammatory factors. All in all, there is a dual 
directional regulation mechanism between Pannexin-1 and 
Caspase-1, maintaining membrane integrity and exerting 
protective effects against CIR injury.

In summary, our results suggest that, in vivo and in vitro, 
pyroptosis is a form of neuronal death that occurs in the 
brain after CIR. Additionally, DNLA can ease brain insult 
in a CIR model via suppressing Caspase-1, thus inhibiting 
pyroptotic neuronal death and inflammation. Although the 

occurrence of pyroptosis in other brain regions remains to 
be investigated, our data suggest the occurrence of pyrop-
tosis in the hippocampal region in stroke. Further research 
is required to clarify the safety and potential side effects of 
DNLA, and to explore the more detailed mechanisms of 
DNLA on CIR impairment.

Materials and Methods

Drugs and Reagents

DNLA (molecular weight: 263.27, CAS: 2115-91-5) 
was purchased from Chengdu Herbpurify CO., LTD 
(S-023, Chengdu, China) in 2018 and analyzed by NMR/
MS. Alkaloids accounted for 99.87% of DNLA, which 
mainly contained Dendrobine (C16H25O2N, 98.62%), 
Nobilonine (C17H27O3N, 0.55%), Dendrobine-N-oxide 
(C16H25O3N, 0.81%). VX765 (molecular weight: 509, CAS: 
273404-37-8, molecular formula: C24H33ClN4O6) was pur-
chased from Selleck Chemicals (S2228, USA) in 2018. 
MCC950 (molecular weight: 426.46, CAS: 256373-96-3, 
molecular formula: C20H23N2O5SNa) was purchased from 
Selleck Chemicals (S7809, USA) in 2018.

OGD/R Model

HT22 cells (cell line) were cultured in F12 nutrient medium 
(Gibco, Carlsbad, CA, USA) supplemented with 5% fetal 
bovine serum (Gibco) and 0.5% penicillin–streptomycin 
(penicillin: 100  U/ml, streptomycin: 100  g/ml; Sigma-
Aldrich, St. Louis, MO, USA), in a humidified atmosphere at 
37 °C under 5% CO2. To mimic the CIR conditions in vitro, 
the HT22 cells were cultured under normal conditions for 
24 h, then moved to glucose-free DMEM (Gibco) and placed 
under ischemic conditions (3% O2, 92% N2, 5% CO2) at 
37 °C for 2 h. After that, the medium was discarded and 
the cells were cultured in normal medium under normoxic 
conditions for another 24 h reperfusion.

Animals

This protocol was approved by the Institutional Animal 
Care and Use Committee of Chongqing Medical University. 
Adult male C57BL/6 mice (20–25 g, n = 158) were obtained 
from the Experimental Animal Center, Chongqing Medi-
cal University (Chongqing, China) and kept in individual 
ventilated cages. All animal studies were approved by the 
Experimental Ethics Committee of Chongqing Medical Uni-
versity (Reference Number: 22015027), and were performed 
in accordance with the Chinese Animal Care and Use Guide-
lines. All surgeries were performed under anesthesia, and 
all efforts were made to minimize the animals’ suffering. 
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The mice were randomly divided into five groups (n = 25 
in each group): the sham-operated group (Sham), the CIR 
group (Vehicle CIR group), the DNLA-pretreated CIR group 
(low dose = 0.5 mg/kg, high dose = 5 mg/kg), the MCC950-
pretreated CIR group (optimal dose = 50 mg/kg), and the 
VX765-pretreated CIR group (optimal dose = 50 mg/kg).

Middle Cerebral Artery Occlusion Model

Male mice were fasted for 12 h before surgery. The mice 
were then anesthetized with pentobarbital sodium (40 mg/
kg, ip). The right common carotid artery (CCA), external 
carotid artery (ECA), and internal carotid artery (ICA) 
were identified and separated carefully under a stereo dis-
secting microscope (Belona, Shanghai, China). A 6–0 nylon 
monofilament (Guangzhou Jialing Biotechnology Co., Ltd., 
Guangzhou, China) was applied through the stump of the 
CCA into the ICA and inserted until gentle resistance was 
felt. The nylon monofilament was removed from the bifurca-
tion after 60 min of occlusion, and reperfusion then lasted 
for 24 h. The sham-operated mice underwent the same pro-
cedure but the nylon monofilament was not inserted. The 
rectal temperature of the mice was strictly monitored and 
maintained between 36.5–37.5 °C by placing the mice in 
the supine position on a heating pad. Two mice that did not 
exhibit typical ischemia were removed from the study.

Neurological Assessment

Behavior testing is also critical for observing the degree of 
ischemia after 24 h of reperfusion. Three blinded research-
ers rated and recorded the neurological deficit of the mice, 
and the scores of all the groups were then calculated. The 
5-level 4-point Longa method was conducted in this study 
to evaluate the neurological deficit of each mouse [65]. The 
criteria for scoring were as follows:

Grade 0:	�  No neurological deficits.
Grade 1:	�  The contralateral forelimb cannot be stretched 

completely when the mouse is lifted by its tail.
Grade 2:	�  The mouse spontaneously circles to the paralytic 

side when walking.
Grade 3:	�  The mouse involuntarily falls down to the con-

tralateral side when walking.
Grade 4:	�  The mouse cannot walk automatically and loses 

consciousness.

Evaluation of Infarct Volume

Two, three, five-Triphenyltetrazolium chloride (TTC) stained 
brain sections were used to assess cerebral infarct volume. 
Twenty-four h after reperfusion, immediately after sacrifice, 
the brains were removed from the mice and cut coronally 

into five serial 2-mm slices. Samples were then incubated 
for 15 min in 2% TTC (Sigma-Aldrich, Hangzhou, China) at 
37 °C and fixed in 4% paraformaldehyde overnight. Infarc-
tions remained unstained by TTC. Each brain section of 
each mouse was stained with TTC (unstained areas were 
recognized as infarctions) and was evaluated quantitatively 
using Image-Pro Plus software to calculate the percentage 
infarct volume.

Western Blot Assessment

Properly anaesthetized mice (n = 24) were decapitated to 
obtain the right brain tissues, after which, tissues were rap-
idly extracted on ice, weighted and grinded in liquid nitro-
gen, then 18 mg homogenates were weighted approximately. 
The frozen tissue powder was transferred to a 1.5 ml cen-
trifuge tube with RAPI lysis buffer (P00113D; Beyotime, 
Shanghai, China) that contained proteinase and phosphatase 
inhibitor cocktail and centrifuged at 12,000 rpm for 15 min 
at 4 °C. The protein samples were quantified with a bicin-
choninic acid protein assay kit (P0012S, Beyotime, China). 
The protein was separated using sodium dodecyl sulfate-
pol-yacrylamide gel electrophoresis (SDS-PAGE) (P0012A, 
Beyotime, China) with a 12% polyacrylamide gel, and then 
transferred to polyvinylidene fluoride (PVDF) membrane. 
Then the membranes were blocked with 5% BSA and incu-
bated 2 h at room temperature and then incubated with 
primary antibodies over night at 4 °C with the following 
primary antibodies: rabbit polyclonal anti-IL-1β (16806-1-
AP, Proteintech, Wuhan, China, 1:200), rabbit polyclonal 
anti-IL-6 (21865-1-AP, Proteintech, Wuhan, China, 1:1000), 
rabbit polyclonal anti-IL-18 (ab71495, Abcam, Cambridge, 
UK,1:1000), rabbit polyclonalanti-Caspase-1 (ab1872, 
Abcam, Cambridge, UK,1:500), rabbit monoclonal anti-
GSDMD (ab209845, Abcam, Cambridge, UK,1:1000), rab-
bit monoclonal anti-NLRP3 (ab210491, Abcam, Cambridge, 
UK,1:1000), rabbit polyclonal anti-PANX1 (12595-1-AP, 
Proteintech, Wuhan, China, 1:800), rabbit polyclonal anti-
β-actin (20536-1-AP, Proteintech, Wuhan, China,1:1000). 
After three washes, the membranes were incubated with 
secondary antibodies HRP-labeled Goat Anti-Rabbit IgG 
(H + L) (SA00003-2, Proteintech, Wuhan, China, 1:2000) 
and HRP-labeled Goat Anti-Rat IgG (H + L) (SA00003-11, 
Proteintech, Wuhan, China, 1:500) for 1 h at room tempera-
ture. β-actin was used as loading control. The immune bands 
were detected with an ECL kit (Advansta, Menlo Park, CA, 
USA), and analyzed by the ChemiDoc detection system and 
Quantity One software (Bio-Rad, Hercules, CA, USA).

Magnetic Resonance Imaging

This experiment was conducted using an advanced 1.5 T 
nuclear magnetic resonance system (Siemens, Germany, 
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Army Medical University) after 24 h of reperfusion. Mice 
were anesthetized using isoflurane, a new inhaled anesthetic 
with quick inspiration, rapid induction, and fine controlla-
bility [66]. Cerebral infarction was evaluated and assessed 
by T2-weighted intensified scanning that precisely imaged 
the right hippocampus [67]. The size of the infarct was then 
calculated using MRI software.

Scanning Electron Microscope

Foaming of pyroptotic cells was evaluated by using SEM. 
Cells were fixed with 4% glutaraldehyde overnight, and then 
rinsed with PBS three times and dried in the critical point 
dryer (K850, Quorum). Dried specimens were applied on 
the conductive carbon film (MSP-2S, IXRF) and sputter 
coated with gold, and then observed under scanning electron 
microscopy (SU8010, HITACHI).

Flow Cytometry (FCM)

HT22 cells were washed with PBS (C0221A; Beyotime, 
Shanghai, China) and then digested with pancreatin (C0203; 
Beyotime, Shanghai, China), next to centrifuging at 168×g 
for 5 min after OGD/R. The supermatant was discarded to 
collect the cells that were resuspended in PBS. The cells in 
the suspension were counted and labeled with Annexin V 
(AV) and Propidium Iodide (PI) briefly, after which flow 
cytometry (Guava easyCyte™ 8, Millipore, USA) was 
employed to quantitatively determine and meticulously ana-
lyze the apoptosis cells.

Immunofluorescence Staining

The penumbra region was determined by immunofluores-
cence staining. The mice (n = 12) were anesthetized and 
rapidly perfused with 0.9% sodium chloride and fixed with 
4% paraformaldehyde via the coronary sinus. The brains 
were immediately removed and underwent dehydration 
using phosphate buffered saline containing 30% sucrose 
for 12 h. Afterwards, a frozen section machine (Cryotome 
E, Thermo) was used to section the samples and they were 
then embedded and frozen in OCT-Freeze medium (4583, 
Sakura). Cryosections were incubated with 10% goat serum 
for 2 h at room temperature to block non-specific immu-
noglobulin binding. Following blocking, the sections were 
incubated with rabbit anti-Caspase-1 (1:200) and anti-Pan-
nxin-1 (1:200) primary antibodies overnight at 4 °C. After 
rinsing with PBS gently, the sections were incubated with 
biotinylated goat anti-rabbit antibodies (BA1105; Boster, 
Wuhan, China, 1:200) for 1 h at 37 °C using a water bath. 
The nuclei were then stained using 4′,6-diamidino-2-phe-
nylindole (DAPI, C1006, Beyotime). The sections were 
observed under a fluorescence microscope (Eclipse C1, 

Nikon, Japan) and images were collected. Each image cap-
tured was then evaluated using Image-Pro Plus 6.0 software.

Immunofluorescence Staining of HT22 Cells

HT22 cells were fixed by 4% paraformaldehyde for 10 min 
at 24 h after OGD/R. Neurons were incubated with anti-
Caspase-1 antibodies (1:200) overnight at 4 °C. Then cells 
were rinsed by PBS three times and incubated with goat 
anti-rabbit antibodies (BA1105; Boster, Wuhan, China, 
1:200) for 1 h at the 37 °C by using water-bath heating. 
4,6-diamidino-2-phenylindole (DAPI, C1006, Beyotime, 
China) was used to stain the nuclei. Immunoreactive proteins 
were visualized and imaged by a fluorescence microscope 
(Eclipse C1, Nikon, Japan).

Nissl Staining

Nissl staining was conducted on the fixed frozen sections 
(30 µm) to assess the ability of neurons to synthesize pro-
teins. The brain sections were de-fatted by overnight immer-
sion in a 1:1 alcohol/chloroform mixture at room temper-
ature. The slices were then rehydrated using a series of 
alcohol (100 and 95%) and stained with crystal violet for 
5 min. The slides were then washed with distilled water and 
cleared in xylene for three times, 5 min each time. The stain-
ing of the hippocampal CA1 region was routinely analyzed 
by a researcher blinded to the experimental protocol.

HE Staining

Deeply anaesthetized mice were transcardially perfused with 
PBS followed by 4% paraformaldehyde. The brains were 
quickly removed by decapitation and carefully post-fixed. 
Then the samples were paraffinized and sliced to 5 µm-thick 
sections. The sections were dewaxed in 2 changes of xylene 
(10 min each) and rehydrated in 2 changes of absolute etha-
nol (5 min each), then rinsed by running tap water orderly. 
Haematoxylin Eosin (H&E) staining was performed to 
observe the histomorphology. Histology assessment was 
performed by blinded investigator.

Statistical analysis

Statistical analysis was performed by SPSS v20 software. 
All data are presented as the mean ± SD and each group was 
conducted with one-way analysis of variance (ANOVA) test 
followed by the Tukey’s test. The P < 0.05 reached statistical 
significance.
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