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Oridonin ameliorates caspase-9-mediated brain neuronal
apoptosis in mouse with ischemic stroke by inhibiting
RIPK3-mediated mitophagy
Lei Li1, Jing-jing Song1, Meng-xue Zhang1, Hui-wen Zhang1, Hai-yan Zhu1, Wei Guo2, Cai-long Pan1, Xue Liu1, Lu Xu1,3 and
Zhi-yuan Zhang1,4

Neuronal loss is a primary factor in determining the outcome of ischemic stroke. Oridonin (Ori), a natural diterpenoid compound
extracted from the Chinese herb Rabdosia rubescens, has been shown to exert anti-inflammatory and neuroregulatory effects in various
models of neurological diseases. In this study we investigated whether Ori exerted a protective effect against reperfusion injury-
induced neuronal loss and the underlying mechanisms. Mice were subjected to transient middle cerebral artery occlusion (tMCAO),
and were injected with Ori (5, 10, 20mg/kg, i.p.) at the beginning of reperfusion. We showed that Ori treatment rescued neuronal loss
in a dose-dependent manner by specifically inhibiting caspase-9-mediated neuronal apoptosis and exerted neuroprotective effects
against reperfusion injury. Furthermore, we found that Ori treatment reversed neuronal mitochondrial damage and loss after
reperfusion injury. In N2a cells and primary neurons, Ori (1, 3, 6 μM) exerted similar protective effects against oxygen-glucose
deprivation and reoxygenation (OGD/R)-induced injury. We then conducted an RNA-sequencing assay of the ipsilateral brain tissue of
tMCAOmice, and identified receptor-interacting protein kinase-3 (RIPK3) as the most significantly changed apoptosis-associated gene.
In N2a cells after OGD/R and in the ipsilateral brain region, we found that RIPK3 mediated excessive neuronal mitophagy by activating
AMPKmitophagy signaling, which was inhibited by Ori or 3-MA. Using in vitro and in vivo RIPK3 knockdownmodels, we demonstrated
that the anti-apoptotic and neuroprotective effects of Ori were RIPK3-dependent. Collectively, our results show that Ori effectively
inhibits RIPK3-induced excessive mitophagy and thereby rescues the neuronal loss in the early stage of ischemic stroke.
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INTRODUCTION
Ischemic stroke is a major type of cerebrovascular disease, and it
usually results in death or disability in aging people [1]. Despite
recent developments in innovative treatment strategies, stroke
remains the second leading cause of death and disability
worldwide [2]. Neuronal loss plays a critical role in most important
neural pathologies, especially in ischemic stroke. Importantly, the
core problem in stroke is the loss of neuronal cells, which makes
recovery difficult or even impossible in the late stages of the
pathological process [3, 4]. Intensive treatment options applied to
stroke mainly target to the re-establishment of blood flow, but the
effect of thrombolytic agents is limited due to their short effective
time window.
During the period of ischemic stroke pathology, the blood supply

to neurons is disrupted, which promotes a cascade of pathophy-
siological responses resulting in neuronal loss [5]. Reportedly, two
caspase-dependent apoptosis pathways are the main causes of
neuronal loss after ischemic stroke [6–8]. The intrinsic pathway is
initiated by injured mitochondria and endoplasmic reticulum (ER)

stress. Mitochondrial pathway-mediated apoptosis involves the
release of mitochondrial cytochrome c (Cyto-C) into the cytosol,
the stimulation of caspase-3 and subsequent activation of down-
stream caspase-9 cascades, ultimately destroying the cell [7]. ER
stress causes the accumulation of unfolded proteins in the ER, a
phenomenon termed the unfolded protein response (UPR). Once
the UPR is protracted or excessively active, apoptosis is induced.
This type of apoptosis progression is mainly dependent on the
activity of caspase-12 [8]. The extrinsic pathway is triggered by
death receptors at the cell surface and is mediated by downstream
caspase-8/caspase-3 hydrolytic cascades [6]. Importantly, previous
studies have proven that inhibiting caspase cascade-mediated
apoptosis is beneficial to ischemic stroke therapy in mice [9–11].
However, the specific mechanism of neuronal apoptosis after stroke
has not yet been established, and there are few clinically effective
drugs for ischemic stroke therapy.
Oridonin (Ori), an ent-kaurene tetracyclic diterpenoid compound,

was isolated from the Chinese herb Rabdosia rubescens and has
been shown to exert various biological and pharmacological effects,
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including antiapoptotic, anti-inflammatory and antioxidant effects,
in Alzheimer’s disease and traumatic brain injury models [12–16].
However, whether Ori can ameliorate neuronal loss after acute
ischemic stroke remains unclear. Therefore, the primary aim of the
present study was to investigate the possible protective effects of
Ori on neuronal loss and the mechanisms involved in an ischemic
stroke model.

MATERIALS AND METHODS
Animals
Adult male C57BL/6 mice (20–25 g) were purchased from the
Animals Resource Center of the Faculty of Medicine, Nanjing Medical
University. Before the experiments, all animals were maintained in
control conditions, including a 12 h light–dark cycle, free access to
water and food, and suitable temperature and humidity.
All mice accepted procedures in accordance with the regulations

of the Animal Protection and Use Committee of Jiangsu Association
of Experimental Animals and approved by the Animal Protection
and Ethics Committee of Nanjing Medical University (IACUC) of
Nanjing Medical University (approval number: 2110035).

Reagents and drugs
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), and penicillin–streptomycin (PS) were obtained from Gibco
(Waltham, MA, USA). Ori was purchased from Targetmol (28957-
04-2, Shanghai, China), dissolved in dimethyl sulfoxide (DMSO) to
produce a 110 mM stock solution and then diluted to working
concentrations. 3-Methyladenine (3-MA) was purchased from
MedChemExpress (HY-19312, Monmouth Junction, NJ, USA), and
was dissolved in dimethyl sulfoxide (DMSO) to produce a
33.25 mM stock solution and then diluted to working concentra-
tions (5 mM).

Transient middle cerebral artery occlusion (tMCAO) in mice
The tMCAO model was established by inserting a nylon thread into
the right middle cerebral artery as previously described. The
MoorFLPI Full-field Laser Perfusion Imager (MoorFLPI-2, Gene&I,
Beijing, China) was used to establish a transient focal cerebral
ischemia and reperfusion model through local cerebral blood flow.
In brief, the mice were anesthetized with 1% pentobarbitone and
placed in a supine position. After skin preparation and disinfection,
the right common carotid artery (CCA), external carotid artery (ECA),
and internal carotid artery (ICA) were exposed and ligated carefully.
Then, a nylon monofilament (0.18 ± 0.01mm, L1800, Guangzhou
Jialing Biotechnology, Guangzhou, China) was inserted into the ICA
through the ECA until reaching the origin of the middle cerebral
artery. After 45min, the nylon monofilament was pulled out
from the ICA to achieve reperfusion. The mice in the sham group
were subjected to a similar surgical procedure without middle
cerebral artery occlusion. At the beginning of reperfusion, different
concentrations of Ori (5 mg/kg, 10mg/kg, 20mg/kg) were intraper-
itoneally injected into the mice and the same amount of DMSO was
applied as vehicle.

Recombinant adeno-associated virus (AAV) and infection
Recombinant AAV was generated by GeneChem Co., Ltd
(Shanghai, China). Using the recombinant adeno-associated virus
vector AAV-hSyn promoter-EGFP-MIR155 (MCS)-S V40 PolyA, the
target sequence of the mouse Ripk3 gene, 5′-CUCCGAGGUAAAG
CAUUAUTT-3′, was inserted into the MCS restriction site of the
vector. After the sequencing results were accurate, the plasmid
was packaged into an AAV virus of the PHP.eB serotype, and the
obtained Ripk3 knockdown AAV virus was named AAV-hSyn-
EGFP-MIR155 (si-Ripk3). The negative control AAV virus was AAV-
hSyn-EGFP-MIR155 (si-control), the serotype was also PHP.eB, and
the sequence of the negative control was 5′-TTCTCCGAACGTGT
CACGT-3′. Three weeks before the preparation of tMCAO surgery

(or sham-operated surgery), C57BL/6 mice were infected with
1.5 μL AAV by microinjecting into the right sensorimotor cortex
(1.06 mm caudal to the bregma, 1.5 mm lateral to the midline,
0.55 mm ventral to the dura) at a flow rate of 1 μL/5 min.

Detection of the infarct volume
2,3,5-Triphenyltetrazolium chloride (TTC; T8877, Sigma Aldrich,
MO, USA) was used to measure the infarct volume. Mice were
anesthetized and sacrificed by decapitation 1 d after tMCAO.
The brains were quickly removed and frozen for 15min. Then, the
brains were cut into 2-mm-thick slices. These slices were
incubated in a 1% TTC solution at 37 °C for 20 min and fixed
with 4% paraformaldehyde (PFA) overnight. The infarct volume
was determined by subtracting the volume of noninfarcted tissue
in the ipsilateral hemisphere from the volume of noninfarcted
tissue in the intact contralateral hemisphere to correct for brain
edema. The infarct volume was calculated by summing the infarct
volumes for all slices of each brain. The infarct volume was then
calculated by the ImageJ software (Loci, Madison, WI, USA).

Neurological behavior score assessment
The modified Neurological Severity Score (mNSS) was applied to
assess the neurological deficits. Neurological dysfunction was
tested 1 d after tMCAO. The score ranges from 0–18 points,
evaluating motor, sensory, beam balance and reflex ability. Higher
scores indicate the more severe neurological damage. Severity
was classified as follows: 1–6 points, mild injury; 7–12 points,
moderate injury; and 13–18 points, severe injury. One point was
awarded to a failed specific task or to a disappeared reflex which
means that higher cumulative scores indicate more severe
neurological impairments in mice.

Immunofluorescence staining
The mice from different groups were perfused with PBS followed
by 4% paraformaldehyde (G1101, Servicebio, Wuhan, China). After
fixation with paraformaldehyde for 1 d, brain tissues were
dehydrated with 30% sucrose solution. Next, brain tissues were
embedded in Tissue-Tek® O.C.T compound and sliced into 15-μm-
thick sections. The slices were loaded with 0.25% Triton X-100 for
10min and incubated in 5% bovine serum albumin (BSA) at room
temperature for 60 min. Subsequently, the slices were incubated
with primary antibodies overnight at 4 °C. The dilutions of primary
antibodies were as follows: NeuN (1:1000, ab177487, Abcam,
Cambridge, MA, USA), ATPB (1:200, ab14730, Abcam, Cambridge,
MA, USA), LC3 (1:200, #3868, CST, Boston, USA) and RIPK3 (1:100,
#95702, CST, Boston, USA). The slices were washed three times
with PBST and incubated with secondary antibodies (1:1000,
Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature. Finally,
the nuclei were stained with 4′, 6-diamidino-2-phenyl-indole
(DAPI; Southern Biotech, Birmingham, Ala, USA). Images were
captured using a fluorescence microscope (Olympus, Tokyo,
Japan) and analyzed with ImageJ software.

Transmission electron microscopy
Mice were perfused with 4% paraformaldehyde 1 d after tMCAO.
Then, the brains were rapidly separated, and the ischemic cerebral
cortex was cut into 1-mm3 pieces. Subsequently these pieces were
fixed in 2% glutaraldehyde overnight at 4 °C. After sectioning and
uranium lead double staining, the samples were observed using a
TEM system (JEM-1010, JEOL, Tokyo, Japan). Based on the typical
mitochondrial ultrastructure, the mitochondrial damage score was
used to evaluate the damage to mitochondria. Grade 0 indicated
intact and normal ultrastructure of mitochondria; Grade 1
indicated that the general structure was retained, but the number
of cristae was slightly reduced and there was mild swelling; Grade
2 indicated that the mitochondrial matrix basically reduced, there
was a lot of swelling, and there was discontinuous membrane and
cristae; Grade 3 indicated severe swelling and complete loss of
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cristae; and Grade 4 indicated complete destruction of the outer
membrane and collapse of the mitochondrial structure.

Neuronal apoptosis detection in vivo
To detect the apoptosis of neurons in brain tissues, a TUNEL
BrightGreen Apoptosis Detection Kit (A112, Vazyme, Nanjing,
China) was used. After perfusion, fixation, and dehydration, the
brain tissues were embedded and sliced. All procedures followed
the manufacturer’s instructions. The slices were incubated with
TUNEL reaction mixture at 37 °C for 1 h in the dark. Then, these
slices were incubated with a NeuN antibody (1:1000, ab177487,
Abcam, Cambridge, MA, USA) at 4 °C overnight. The secondary
antibody, goat anti-mouse Alexa Fluor 555 (1:1000, A-31570,
Thermo Fisher, MA, USA), was added to the slices for 1 h at room
temperature. The nuclei were stained with DAPI. The quantifica-
tion of images was analyzed with ImageJ as previously described.

N2a cell culture
Mouse neuroblastoma N2a cells were cultured in DMEM medium
containing 10% FBS (10100147, Thermo Fisher, MA, USA) and 1%
penicillin–streptomycin (15140163, Thermo Fisher, MA, USA). Cells
were maintained in an environment with 5% CO2 at 37 °C.

Primary neuron cultures
Primary neuron cultures were prepared as previously described and
were isolated from 1-day-old postnatal C57BL/6 mice. Briefly, the
cerebral cortices were dissected and incubated with 0.125%
trypsin/EDTA (Gibco, Grand Island, NY, USA) and 0.025% DNase I
(Biofroxx, 1121MG010) for 15min at 37 °C. After centrifugation
(1000 rpm for 5min), cell pellets were resuspended in DMEM
supplemented with 10% FBS and 50 U/mL penicillin–streptomycin
(Life Technologies, 15140122) and filtered through an 80-μm cell
strainer. Collected cells were then seeded into 24-well plates coated
with 0.01mg/mL poly‐D‐lysine (Sigma, P6407). The medium was
changed th neurobasal medium (Life Technologies, 21103-049)
supplemented with 2% B27 (Life Technologies, 17504044) and
50 U/mL PS at 6 h after seeding. Neurons were maintained at 37 °C
in a humidified 5% CO2 95% air atmosphere and used at 7–10 days
in vitro (DIV). To prevent the growth of astrocytes, 1 μM cytosine-
beta-D-arabinofuranose hydrochloride (AraC, Sigma, C1768) was
added to the media and maintained for 1 d at 2 DIV. Primary
neurons were used for the next experiments after 10 days of
culture.

Oxygen-glucose deprivation and reoxygenation (OGD/R) and drug
treatment
N2a cells. N2a cells were exposed to OGD/R conditions to mimic
cerebral I/R injury as previously described. Before OGD/R, N2a cells
were seeded into a 6-well plate and cultured with DMEM medium
in an incubator with 95% air and 5% CO2 at 37 °C. For the OGD
procedure, DMEM was replaced with glucose-free DMEM, and
then the cells were placed in deoxygenated conditions (95% N2

and 5% CO2) for 6 h. When OGD was over, the cells were removed
from the deoxygenated condition. A stock solution of Ori was
diluted to different working concentrations (1 μM, 3 μM, 6 μM)
with culture media. After replacement with these medium, the
cells were cultured in a normoxic incubator.

Primary neurons. For the OGD procedure, neurobasal medium
was replaced with glucose-free DMEM, and then, the cells were
placed in deoxygenated conditions (95% N2 and 5% CO2) for 2 h.
When OGD was over, the cells were removed from the
deoxygenated condition. A stock solution of Ori was diluted to
different working concentrations (6 μM) with neurobasal medium.

Cell viability assay
Cell viability was measured with a cell Counting Kit-8 (CCK8; A311,
Vazyme, Nanjing, China). N2a cells were seeded into a 96-well

plate at a density of 8000. After OGD/R and drug treatment, 10 μL
of CCK8 reagent was added to each well, and the cells were
incubated for 2 h at 37 °C. The absorbance was read with a
microplate reader at 450 nm.

Annexin V/PI staining
An Annexin V-FITC/PI apoptosis analysis kit (abs50001, Absin,
Shanghai, China) was applied to detect the apoptosis of N2a cells.
According to the manufacturer’s instructions, the cells were
digested with 0.25% trypsin and collected. After washing with
PBS twice, the cells were resuspended in binding buffer. 5 μL of
Annexin V-FITC was first added to the cells and incubated for
15min at room temperature, and then 5 μL of PI was added. After
5 min, the apoptosis rate of the cells was examined by flow
cytometry (BD FACSVerse, NJ, USA). Data were analyzed using
FlowJo Software (Version 7.6.1; TreeStar, Ashland, OR, USA).

Primary neuronal apoptosis detection
TUNEL BrightRed Apoptosis (A113, Vazyme, Nanjing, China) assays
were conducted to detect the apoptosis of primary neurons.
Briefly, after treatment, primary neurons were fixed with 4% PFA
solution, and the remaining steps were completed according to
the instructions of the kit. Images were captured using a
fluorescence microscope (Olympus, Tokyo, Japan) and analyzed
with ImageJ software.

ΔΨm measurement and mitochondrial ROS detection
ΔΨm was measured with JC-1 (C2006, Beyotime, Shanghai, China).
N2a cells were seeded into a 24-well plate. According to the
protocol, cells were washed with PBS at the end of treatment. JC-1
staining solution was added to each well for 20 min at 37 °C. Then,
the cells were washed twice with staining buffer and ΔΨm was
examined using a fluorescence microscope. To analyze the
mitochondrial ROS generation, the MitoSOX™ Red Mitochondrial
Superoxide Indicator (M36008, Thermo Fisher, MA, USA) was used
to detect it. After OGD/R and drug treatment, MitoSOX was added
to the cells and incubated at 37 °C for 10min in the dark. After
washing with PBS twice, the cells were scanned with a microplate
reader.

Cell transfection
For RIPK3 knockdown, RIPK3 siRNA (GenePharma, Shanghai,
China) was added. According to the manufacturer’s instructions,
RIPK3 siRNA was transfected into N2a cells using Lipofectamine
2000 (11668030, Invitrogen, CA, USA). The cells were replaced with
DMEM after transfection in Opti-MEM for 6 h.

Co-immunoprecipitation
For the co-immunoprecipitation assay, N2a cells were seeded into
a 12-well plate at a density of 1.0 × 105. After OGD/R and drug
treatment, the cells in each well were lysed with 200 μL of
immunoprecipitated lysis buffer. Ten microliters of lysate were
collected as an input sample. Antibodies were added to the
remaining lysates and incubated at 4 °C overnight. Subsequently,
20 μL of Protein A/G magnetic beads (HY-K0202, MCE, NJ, USA)
was added and incubated at 4 °C for 3 h. After washing and
boiling, the immunoprecipitates were loaded on SDS-PAGE.

RNA sequence
Total RNA was isolated using the TRIzol Reagent (Invitrogen Life
Technologies), after which the concentration, quality and integrity
were determined using a NanoDrop spectrophotometer (Thermo
Scientific). Three micrograms of RNA were used as input material for
the RNA sample preparations. Sequencing libraries were generated
according to the following steps. First, mRNA was purified from total
RNA using poly-T oligo-attached magnetic beads. Fragmentation
was carried out using divalent cations under elevated temperature
in an Illumina proprietary fragmentation buffer. First strand cDNA
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was synthesized using random oligonucleotides and Super Script II.
Second strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. Remaining overhangs were
converted into blunt ends via exonuclease/polymerase activities,
and the enzymes were removed. After adenylation of the 3′ ends of
the DNA fragments, Illumina PE adapter oligonucleotides were
ligated to prepare for hybridization. To select cDNA fragments of
the preferred 400–500 bp in length, the library fragments were
purified using the AMPure XP system (Beckman Coulter, Beverly, CA,
USA). DNA fragments with ligated adapter molecules on both ends
were selectively enriched using Illumina PCR Primer Cocktail in a 15-
cycle PCR. Products were purified (AMPure XP system) and
quantified using the Agilent high sensitivity DNA assay on a
Bioanalyzer 2100 system (Agilent). The sequencing library was then
sequenced on a NovaSeq 6000 platform (Illumina) by Shanghai
Personal Biotechnology Co. Ltd. We used HTSeq (0.9.1) statistics to
compare the read count values on each gene as the original
expression of the gene, and then used FPKM to standardize the
expression. Then, the differential expression of genes was analyzed
by DESeq (1.30.0) with the following screening conditions:
expression difference multiple |log2FoldChange| >1, significant P
value < 0.05. ClusterProfiler (3.4.4) software was used to carry out
the enrichment analysis of the KEGG pathways of the differentially
expressed genes, focusing on the significantly enriched pathways
with P value < 0.05.

Western blot
Total proteins were extracted from brain tissues and N2a cells
using RIPA lysis buffer containing phenylmethylsulfonyl fluoride
(PMSF; ST506, Beyotime, Shanghai, China) and phosphatase
inhibitor (P1081, Beyotime, Shanghai, China), and mitochondrial
proteins were extracted using a Mitochondrial Extraction Kit
(Beyotime, Shanghai, China). Bicinchoninic acid (BCA; E112,
Vazyme, Nanjing, China) was used to measure concentrations.
The volumes and contents of all samples were equalized. Next, the
protein samples were electrophoresed by SDS-PAGE and trans-
ferred to PVDF membranes (IPVH00010, Merck Millipore, MA, USA).
After blocking with 5% nonfat milk at room temperature for 2 h,
the membranes were incubated with primary antibody at 4 °C for
12 h. On the second day, the membranes were washed with TBST
and then incubated with secondary antibodies for 2 h at room
temperature. After the above procedures, the images of the
proteins were visualized by enhanced chemiluminescence, and
the grayscale of each band was analyzed by ImageJ software.
The following primary antibodies were used: anti-Cyto C (1:1000,

Santa Cruz, CA, USA), anti-Bax (1:1000, 50599-2-Ig, Proteintech,
Rosemont, USA), anti-Bcl-2 (1:1000, 12789-1-AP, Proteintech, Rose-
mont, USA), anti-Tomm 20 (1:1000, 11802-1-AP, Proteintech, Rose-
mont, USA), anti-Caspase-8 (1:1000, 13423-1-AP, Proteintech,
Rosemont, USA), anti-ATPB (1:1000, ab14730, Abcam, Cambridge,
MA, USA), anti-Caspase12 (1:1000, ab62484, Abcam, Cambridge, MA,
USA), anti-LC3 (1:1000, #3868, CST, MA, USA), anti-COX IV (1:1000,
#4850, CST, MA, USA), anti-caspase-9 (1:1000, #9508, CST, MA, USA),
anti-AMPK (1:1000, #2532, CST, MA, USA), anti-p-AMPK (1:1000, #2535,
CST, MA, USA), anti-Parkin (1:1000, #4211, CST, MA, USA), anti-Cleaved
caspase8 (1:1000, #8592, CST, MA, USA), anti-VDAC1 (1:1000, #4661,
CST, MA, USA), anti-Caspase3 (1:1000, #9662, CST, MA, USA), anti-
Cleaved caspase3 (1:1000, #9661, CST, MA, USA), anti-RIPK3 (1:800, sc-
374639, Santa Cruz, CA, USA), anti-Pink (1:800, sc-518052, Santa Cruz,
CA, USA), anti-β-actin, anti-mouse and anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (1:5000, Bioworld,
MN, USA).

Statistics
GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA)
was used to perform all statistical tests. All the results are shown as
the mean ± SD from at least three independent experiments. The
experiments with only two groups were analyzed with the

unpaired two-tailed Student’s t test. Single factor experiments
with >2 groups were analyzed with one-way analysis of variance
(ANOVA) with Dunnett’s post-hoc test. P < 0.05 was considered
statistically significant, and ns represents no significance.

RESULTS
Ori attenuates the neuronal loss and exerted neuroprotective
effects following reperfusion injury
To determine the protective effects of Ori (S Fig. 1a) on neurons
following reperfusion injury, we first investigated changes in cell
availability and numbers of N2a cultures and primary neurons
after OGD/R. As shown in Fig. 1a, Ori effectively promoted the
viability of N2a cells after OGD/R in a concentration-dependent
manner, as indicated by the CCK-8 assay. Moreover, Ori attenuated
neuronal loss after OGD/R in a concentration-dependent manner
in N2a cell cultures (Fig. 1b, c). Importantly, we also found that
6 μM Ori could reverse the loss of primary neurons after OGD/R
(Fig. 1d, e). These results indicated that Ori could protect neurons
against reperfusion injury.
Studies have implied that apoptosis principally contributes to

neuronal loss after reperfusion injury, and therefore, inhibiting
apoptosis can reduce neuronal loss and promote recovery after
ischemic stroke [17, 18]. Therefore, we next examined whether Ori
inhibited the neuronal apoptosis induced by reperfusion injury both
in the N2a cell line and in primary neurons. As shown in Fig. 1f, g,
the flow cytometry results showed that Ori decreased the apoptotic
rate of N2a cell cultures in a concentration-dependent manner after
OGD/R. Additionally, 6 μM Ori also significantly inhibited OGD/R-
induced apoptosis in primary neurons (S Fig. 1b, c), as indicated by
the TUNEL assay. Because of the close relationship between
neuronal loss in the ipsilateral brain and recovery after ischemic
stroke, we examined the protective effects of Ori in vivo. The
operational steps and time points of the animal experiments are
described in S Fig. 1d, the tMCAO surgery was performed in mice (S
Fig. 1e), while blood flow was monitored with a laser Doppler Blood
Flow Meter (S Fig. 1f). Serial doses of Ori were applied to treat
tMCAO mice, and changes in infarct volume were determined. The
results showed that Ori significantly reduced the infarct volume
(Fig. 1h, i) and restored neurological deficits (Fig. 1j) in a dose-
dependent manner. Considering the best therapeutic effects of Ori
at a dose of 20mg/kg on tMCAO mice, the following in vivo studies
were conducted using this dose. In addition, the application of Ori
increased the number of Nissl+ neurons (Fig. 1k, l) and decreased
the number of NeuN+TUNEL+ apoptotic neurons (Fig. 1m, n) in the
ipsilateral brain region. Accordingly, the results above confirmed
that Ori inhibited apoptosis, rescued neuronal loss after reperfusion
injury, and promoted the recovery of tMCAO mice.

Ori inhibits caspase-9-dependent neuronal apoptosis following
reperfusion injury
Caspase-9-, caspase-8- and caspase-12-mediated signaling path-
ways are the major apoptosis pathways that contribute to
neuronal loss after reperfusion injury [6–8]. Therefore, to identify
the specific anti-apoptotic pathway activated by Ori, we observed
changes in the cleavage rates of caspase-9, caspase-8, and
caspase-12 after treatment with Ori both in N2a cells and
in vivo. We found that Ori effectively decreased the expression
level of cleaved caspase-9 in N2a cell cultures (Fig. 2a, b) in a
concentration-dependent manner after OGD/R, but no significant
changes in the levels of cleaved caspase-8 expression (Fig. 2a, c) or
cleaved caspase-12 expression (Fig. 2a, d) were observed. Notably,
we also found that Ori reduced the expression level of cleaved
caspase-9 (Fig. 2e, f) but did not change that of cleaved caspase-8
(Fig. 2e, g) or that of cleaved caspase-12 (Fig. 2e, h) in vivo.
The release of mitochondrial cytochrome c (Cyto-C) leads to

caspase-9 and caspase-3 activation, which ultimately leads to
apoptosis [19]. In addition, the pro-apoptotic protein Bax promotes
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Fig. 1 Ori decreased neuronal loss after reperfusion injury both in vitro and in vivo. a A CCK-8 assay was performed to detect the viability
of N2a cells after OGD/R (n= 8). b, c The number of N2a cells was observed after OGD/R by brightfield microscopy. Representative images of
different groups are shown (n= 4). d, e The number of primary neurons was observed after OGD/R by MAP2 staining. Representative images
of different groups are shown (n= 5). f, g The apoptotic rate of N2a cells was analyzed by FACS analysis after OGD/R. Representative images of
different groups are shown (n= 4). h, i The infarct volume was determined by conducting TTC staining at 1 d after reperfusion. Representative
TTC-stained brain slices of different groups are shown (n= 6). j mNSS scores of the mice measured at 1 d after reperfusion. Higher scores
indicate greater deficits (n= 6). k, l Nissl staining was used to measure the number of neurons in the ipsilateral brain region at 1 d after
reperfusion. Representative images of different groups are shown (n= 4).m, n TUNEL and NeuN co-staining was performed to assess neuronal
apoptosis at 1 d after reperfusion. Representative images from different groups are shown (n= 6). Data are expressed as mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Cyto-C release from mitochondria to the cytosol upon death
signaling, whereas the anti-apoptotic protein Bcl-2 inhibits Cyto-C
release [20, 21]. Therefore, we next focused on changes in these
molecules in the caspase-9-mediated pro-apoptotic signaling
pathway after treatment with Ori. We found that Ori significantly
decreased the expression of Bax (Fig. 2i, j) and increased the
expression of Bcl-2 (Fig. 2i, k) in a concentration-dependent manner
after OGD/R in N2a cell cultures. Furthermore, treatment with Ori
increased the expression of mitochondrial Cyto-C (Fig. 2i, l) and
decreased that in the cytosol (Fig. 2i, m), which indicated that Ori
prevented Cyto-C release from mitochondria to the cytosol after
OGD/R in N2a cell cultures. In addition, Ori effectively decreased the
level of cleaved caspase-3 (Fig. 2i, n) in a concentration-dependent
manner after OGD/R in N2a cell cultures. Similarly, treatment with
Ori in vivo reduced the expression of Bax (Fig. 2o, p), increased the
expression of Bcl-2 (Fig. 2o, q), increased the expression of
mitochondrial Cyto-C (Fig. 2o, r), decreased the levels in cytosol
(Fig. 2o, s), and reduced the caspase-3 cleavage rate (Fig. 2o, t).
These data confirmed that Ori inhibited the apoptosis of neurons by
downregulating the caspase-9-dependent apoptotic pathway.

Ori restores neuronal mitochondrial function following reperfusion
injury
Damaged mitochondria play a central role in the initiation and
activation of caspase-9-mediated apoptosis [22, 23]. Mitochondrial
dysfunction during cell apoptosis is mainly characterized by
increased production of ROS (reactive oxygen species), a decline
in MMP (mitochondrial membrane potential) and the loss of
mitochondria. Thus, our next analyses were directed to determine
whether the anti-apoptotic effect of Ori was attributable to the
reversal of mitochondrial damage. ROS are the major factors
involved in mitochondrial damage during reperfusion injury [24],
and we found that Ori decreased overloaded mitochondrial ROS
levels after OGD/R in a concentration-dependent manner in N2a
cell cultures (Fig. 3a, b). Intact MMP is necessary for selective
elimination of dysfunctional mitochondria to maintain mitochon-
drial homeostasis [25]. Ori treatment increased the ratio of JC-1
aggregate/monomer (Fig. 3c, d) after OGD/R in N2a cell cultures,
which indicated that Ori reversed the decline in MMP. In addition,
the expression levels of the mitochondrial markers ATPB (ATPase
beta subunit gene), Tomm 20 (translocase of outer mitochondrial
membrane 20) and VDAC (voltage-dependent anion channel)
were evaluated as indicators of mitochondrial quality and activity.
We found that Ori elevated the expression of ATPB (Fig. 3e, f),
Tomm 20 (Fig. 3e, g) and VDAC (Fig. 3e, h) in a concentration-
dependent manner in N2a cell cultures.
In vivo, we performed electron microscopy to evaluate the

changes in mitochondrial quantity and morphology after treatment
with Ori. As shown in Fig. 3i, j, Ori effectively reversed the decrease
in the number of mitochondria. Morphologically, the mitochondria
were severely swollen, the matrix was basically reduced, and the
number of cristae was profoundly decreased after reperfusion
injury, but treatment with Ori effectively restored these changes
(Fig. 3i). Moreover, the damage scores of mitochondria were used to
quantify these changes, and we found that Ori significantly reduced
the mitochondrial swelling score (Fig. 3k). In line with the data
presented in Fig. 3e–h, Ori also increased the expression of the
mitochondrial membrane protein ATPB (Fig. 3l, m), Tomm 20 (Fig. 3l,
n) and VDAC (Fig. 3l, o) after reperfusion injury in vivo. Taken
together, these results indicated that Ori effectively reversed
mitochondrial damage when neuronal apoptosis was inhibited
after reperfusion injury both in vitro and in vivo.

Ori prevents neuronal mitochondrial apoptosis and showed
neuroprotective effects in a RIPK3-dependent manner
To investigate the specific apoptosis regulation mechanism of Ori,
we performed an RNA-sequencing assay on the ipsilateral brain
tissue of the sham, tMCAO + veh and tMCAO + Ori mice. A PCA

plot confirmed that there was no overlap between the 3 groups
(Fig. 4a); therefore, the 3 groups analyzed were transcriptionally
distinct. A Venn plot showed the number of genes with changed
expression (Fig. 4b), and we distinguished the genes regulating
apoptosis from the KEGG pathway database from the sham and
tMCAO + veh groups (Fig. 4c). We found that Ori significantly
downregulated the RNA expression of RIPK3 in tMCAO mice
(Fig. 4d). To examine whether the protective effects of Ori on the
mitochondrial apoptosis and mitochondrial function of neurons
were RIPK3 dependent, we observed the effects of Ori after
downregulating the expression of RIPK3 in N2a cell cultures. The
efficiency of RIPK3 expression interference was verified by
Western blot analysis (S Fig. 2a). Then, we observed the effects
of Ori on the neuronal apoptosis after knocking down RIPK3
expression. The results showed that downregulation of RIPK3
expression decreased the expression of cleaved caspase-9 (Fig. 4e,
f) and inhibited the apoptosis of neurons (Fig. 4g, h). However, Ori
treatment did not further change the expression of cleaved
caspase-9 (Fig. 4e, f) or inhibit the apoptosis of neurons (Fig. 4g, h)
after OGD/R. In addition, to further validate whether the protective
effects of Ori were RIPK3 dependent in vivo, a neuron-specific
RIPK3 knockdown mouse model was generated by stereotaxic
injection of neuron-specific adeno-associated virus. As shown in
Fig. 4i, j, AAV-hSyn-EGFP-MIR155 (AAV-siRIPK3) or AAV-Syn-GFP
(AAV-sicon) was delivered into the perspective penumbra by
microinjection. RIPK3 immunofluorescence on neurons was
measured in the injected area followed by tMCAO, and although
RIPK3 was robustly increased on neurons in the injected area
followed by tMCAO (Fig. 4k, l), RIPK3 expression on neurons was
significantly reduced in mice receiving the AAV-si-RIPK3 injection
at 1 d after tMCAO (Fig. 4m, n). Neuronal RIPK3 knockdown and Ori
showed comparable efficiency in anti-apoptosis, and importantly,
but Ori did not further inhibit neuronal apoptosis upon neuronal
RIPK3 knockdown (Fig. 4o, p). Moreover, neuronal RIPK3 knock-
down and Ori treatments showed comparable effects on reducing
infarct volume (Fig. 4q, r) and alleviating neurological defects
(Fig. 4s), and Ori did not further show any significant additive
protection upon neuronal RIPK3 knockdown (Fig. 4q–s).
Overall, these results confirmed that RIPK3 was required for

oridonin-induced anti-apoptosis and neuroprotective effects after
ischemic stroke.

RIPK3-mediated mitophagy is required for oridonin-induced anti-
apoptotic effects
It has been reported that RIPK3 overexpression is closely associated
with the mitochondrial apoptosis and that RIPK3 interacts with
AMPK to activate early autophagy [26–28]. Importantly, increasing
evidence has demonstrated that overactivated mitophagy at the
early stage contributes to mitochondrial damage and apoptosis
after ischemic stroke [29–31]. These reports and our results indicated
that oridonin might protect neurons against apoptosis by regulating
the RIPK3-mediated mitophagy. We quantified the dynamic
changes in the RIPK3/AMPK-mediated mitochondrial LC3 signaling
pathway within 6 h to 7 d after the induction of ischemic stroke
pathogenesis. The results showed that the expression of RIPK3
(Fig. 5a, b), p-AMPK (Fig. 5c, d) and mitochondrial LC3 (Fig. 5e, f)
synchronously increased within 6 h and reached a marked peak 1 d
after reperfusion injury. Additionally, double immunofluorescence
experiments were conducted to further observe the dynamic
change in mitochondrial LC3, and the results confirmed its
significant increases at 12 h and 1 d after reperfusion (Fig. 5g, h).
Moreover, we confirmed the interaction of RIPK3 and AMPK after
OGD/R by performing co-IP (Fig. 5i). In addition, we identified the
cell types that express RIPK3 in the brain, and we found that RIPK3
was mainly expressed on NeuN+ neurons (Fig. 4i) and was
expressed at low levels on Iba1+ microglia (S Fig. 3a) and GFAP+

astrocytes (S Fig. 3b) in brain slices from sham and tMCAO mice.
These results indicated that the RIPK3-dependent mitophagy
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Fig. 2 Ori inhibited the apoptosis of neurons by downregulating the caspase-9-mediated apoptotic pathway both in vitro and in vivo.
a–d Western blotting was used to analyze the protein expression levels of caspase-9, caspase-8, caspase-12 and their cleaved bodies in
N2a cells after OGD/R. e–h Western blotting was used to analyze the protein expression levels of caspase-9, caspase-8, caspase-12 and
their cleaved bodies in the ipsilateral brain region at 1 d after reperfusion (n= 3). i–n The expression levels of Bax, Bcl-2, mitochondrial
Cyto-C, cytoplasmic Cyto-C, caspase-3 and cleaved caspase-3 were measured by Western blot analysis of N2a cells after OGD/R. o–t The
expression levels of Bax, Bcl-2, mitochondrial Cyto-C, cytoplasmic Cyto-C, caspase-3 and cleaved caspase-3 were measured by Western
blot analysis in the ipsilateral brain region at 1 d after reperfusion (n= 3). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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Fig. 3 Ori exerted protective effects on neuronal mitochondrial function during reperfusion injury both in vivo and in vitro. a, b The
production of ROS in mitochondria in N2a cells after OGD/R was measured by MitoSOX staining. Representative images of different
groups are shown (n= 5). c, d Mitochondrial membrane potential was assessed by JC-1 staining. Representative images of different
groups are shown (n= 5). e–h Western blotting was performed to analyze the protein expression levels of ATPB, Tomm20, and
VDAC, three mitochondrial marker proteins, in N2a cells after OGD/R. i–k Electron micrographs were obtained to observe the number
of mitochondria. Histogram showing mitochondrial injury in the brain at 1 d after reperfusion. Representative images of different groups
are shown (n= 5). l–o Western blotting was performed to analyze the protein expression levels of ATPB, Tomm20, and VDAC in
the ipsilateral brain region at 1 d after reperfusion (n= 3). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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signaling pathway in neurons was activated in the hyperacute phase
after reperfusion.
Subsequently, we sought to explore the impossible effects of

Ori on the RIPK3-mediated mitophagy signaling pathway. We

found that Ori treatment decreased the expression of RIPK3
(Fig. 6a, b), p-AMPK (Fig. 6c, d), mitochondrial Pink and Parkin
(Fig. 6e, f) and increased the expression of p62 (Fig. 6g, h) in N2a
cell cultures after OGD/R in a concentration-dependent manner.
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Similarly, the results in primary neurons also showed that oridonin
decreased the expression of RIPK3 after OGD/R (S Fig. 4a). In vivo,
the expression of RIPK3 at 12 h (Fig. 6i, j) and 1 d (Fig. 6k, l) after
reperfusion was both significantly reduced after treatment with
oridonin, and our double immunofluorescence experiments
in vivo confirmed the results at 1 d again (Fig. 6m, n). Moreover,
Ori treatment reduced the expression of p-AMPK (Fig. 6o, p),
mitochondrial Pink and Parkin (Fig. 6q, r) and increased the
expression of p62 (Fig. 6s, t) in vivo. Next, we tested whether Ori
inhibited mitophagy after reperfusion injury. The results showed
that Ori decreased the expression of mitochondrial LC3 (Fig. 7a, b)
and the colocalization of LC3 puncta and Mitotracker after OGD/R
in N2a cell cultures in a concentration-dependent manner (Fig. 7c,
d). Additionally, Ori greatly inhibited OGD/R-induced mitophagy in
primary neurons (S Fig. 5a). In vivo, we observed that fewer
mitochondria in the ipsilateral brain region were enclosed by
autophagosomes after treatment with Ori, as determined through
electron microscopy (Fig. 7e, f). Similarly, Ori effectively reversed
the elevated expression of mitochondrial LC3 at 12 h (Fig. 7g, h)
and 1 d (Fig. 7i, j) after reperfusion, and confocal images directly
revealed that Ori reduced the accumulation of LC3-positive puncta
with the mitochondrial marker ATPB at 1 d after reperfusion in the
ipsilateral brain region (Fig. 7k, l). The results above confirmed that
Ori inhibited the RIPK3-mediated overactivated mitophagy after
reperfusion injury. Then, we questioned whether the inhibitory
effects of Ori on mitophagy of oridonin were RIPK3 dependent.
Therefore, we observed the effects of Ori on the RIPK3-mediated
mitophagy signaling pathway after knocking down RIPK3 expres-
sion in N2a cells. As shown in Fig. 7m, n, RIPK3 knockdown
reduced the expression of RIPK3 and p-AMPK, but Ori did not
change these levels after OGD/R. Notably, RIPK3 knockdown
reduced reperfusion-induced LC3 puncta accumulation around
mitochondria, but Ori treatment did not change this accumulation
level (Fig. 7o, p). Taken together, these results confirmed that Ori
prevented mitophagy mainly by inhibiting RIPK3-mediated
mitophagy signaling pathway activation. Finally, we explored the
contribution of mitophagy inhibition by Ori to its anti-apoptosis
effect. To address this question, autophagy inhibition using 3-MA
was conducted in N2a cell culture. The results showed that Ori and
inhibiting autophagy via 3-MA significantly protected N2a cells
from OGD/R-induced apoptosis, but Ori did not further show
any significant anti-apoptotic effect upon inhibiting autophagy
(Fig. 7q, r). Accordingly, RIPK3-mediated mitophagy was required
for oridonin-induced anti-apoptotic effects.

DISCUSSION
Neuronal loss after reperfusion injury contributes to cerebral injury
and makes recovery difficult or impossible in the later stages of
disease progression [3, 4]. However, many studies have concluded
that different pathways, such as apoptosis, oxidative stress,
neuroinflammation and excitotoxicity pathways, affect neuronal
loss in the acute phase of stroke [17, 32]. Unfortunately, there is

still no effective drug to rescue neuronal loss in stroke patients. In
the current study, we provide evidence to explain the core role
played by RIPK3/AMPK-mediated mitophagy in the pathogenesis
and disease progression of cerebral I/R injury. Moreover, we found
that Ori, an ent-kaurene tetracyclic diterpenoid compound,
inhibited the caspase-9-mediated apoptosis of neurons by
attenuating RIPK3/AMPK-mediated mitophagy and thus acceler-
ated the recovery of tMCAO mice (Fig. 8).
Mounting evidence implies that Ori affects many biological

activities and exerts effects on different animal models. We have
previously reported that treatment with Ori attenuated neuroin-
flammation and improved cognitive behavior deficits [14, 16]. In
addition, other studies have shown that Ori exerts protective
effects on reperfusion injury, such as acute kidney injury and brain
ischemic stroke, in animal models by reducing oxidative stress and
inflammation [33, 34]. However, no focus on the direct protective
effect of Ori on neurons has been reported. According to our
results, Ori significantly reduced neuronal loss and inhibited
neuronal apoptosis after reperfusion injury both in vivo and
in vitro. Moreover, our results revealed the specific anti-apoptotic
pathway affected by Ori. The activated mitochondrial apoptotic
pathway, characterized by the release of mitochondrial Cyto-c into
the cytosol, increases cleaved caspase-3 and caspase-9 levels and
the Bax/Bcl-2 ratio [19–21]. Our findings showed that Ori
effectively reversed the aforementioned changes and confirmed
that Ori inhibited caspase-9-associated mitochondrial apoptosis.
After ischemic stroke, the dynamic balance maintained by

mitochondria is disrupted, which leads to Cyto-c release and
caspase-9-associated apoptosis [35, 36]. Thus, mitochondrial
dysfunction plays an important role in the activation of caspase-
9-associated apoptosis [37, 38]. Our results demonstrated that Ori
profoundly reversed mitochondrial dysfunction after reperfusion
injury by decreasing the level of ROS, promoting MMP and
increasing the expression of mitochondrial membrane proteins.
Mitophagy plays a significant role in mitochondrial dysfunction,
and elimination of abnormal mitochondria through mitophagy is
essential for maintaining neuronal function in ischemic stroke
[39, 40]. However, whether mitophagy is beneficial or harmful in
ischemic stroke has been unclear until now. Some studies have
shown that activating mitophagy to clear excessively aggregated
and damaged mitochondria can reduce neuronal damage caused
by cerebral I/R injury [7, 41, 42]; however, other studies have
shown that inhibiting excessive mitophagy can play a protective
role in cerebral I/R injury [43–45]. In our study, we provided
evidence that Ori reduced the mitochondrial apoptosis of neurons
by inhibiting the overactivated mitophagy after I/R injury.
In addition, our RNA-sequencing results clearly identified the

most significantly downregulated apoptosis-associated gene,
RIPK3, which plays an important role in autophagy/mitophagy
and cell apoptosis. Afterward, we found that neuronal RIPK3
knockdown and Ori showed comparable efficiency in anti-
apoptosis and neuroprotection, and very importantly, Ori did
not show any significant additive protection upon neuronal

Fig. 4 Ori protected neurons against apoptosis and showed RIPK3-dependent neuroprotective effects. a The PCA plot showed that the
three groups (sham, tMCAO + veh, tMCAO + Ori) analyzed were transcriptionally distinct. b Venn diagram showing the number of genes with
changed expression (expression difference multiple |log2FoldChange| > 1, significant P value < 0.05). c Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses revealed the potential roles of differentially expressed genes. d Heatmap representation of transcriptome array data
for the expression levels of apoptosis-associated regulators from the sham, tMCAO + veh, and tMCAO + Ori datasets. e, f Western blot
analysis of caspase-9 and cleaved caspase-9 expression after RIPK3 knockdown in OGD/R injury. g, h The apoptotic rate of N2a cells was
analyzed by FACS analysis after knockdown of RIPK3 in OGD/R injury. i Construction of adeno-associated virus that specifically knocked down
neuronal RIPK3. j Adeno-associated virus was assessed by detecting GFP expression in vivo. k, l The colocalization of RIPK3 and neurons
(NeuN+) was assessed by immunofluorescence at 1 d after reperfusion (n= 3). m, n Neuronal RIPK3 from different groups was assessed by
immunofluorescence at 1 d after reperfusion (n= 3). o, p A TUNEL assay was conducted to assess the apoptosis of neurons in different groups
(n= 4). q, r The infarct volume was determined by TTC staining at 1 d after reperfusion. Representative TTC-stained brain slices of different
groups are shown (n= 5). s mNSS scores of the mice measured 1 d after reperfusion (n= 5). Data are expressed as the mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ns represents no significance.
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Fig. 5 The dynamic changes in the RIPK3/AMPK-mediated mitochondrial LC3 signaling pathway from 6 h to 7 d following I/R injury.
a–f The expression levels of the proteins RIPK3, p-AMPK and mitochondrial LC3 at different time points of reperfusion were measured by
Western blot in the ipsilateral brain region (n= 4). g, h The level of mitochondrial LC3 was assessed by conducting double fluorescence at 12 h
and 1 d after reperfusion (n= 4). i RIPK3 and AMPK interaction was assessed by coimmunoprecipitation experiments (n= 3). Data are
expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6 Ori blocked the RIPK3/AMPK/Pink/Parkin signaling pathway following I/R injury. a–d Western blotting was used to analyze the
protein expression levels of RIPK3 and p-AMPK in N2a cells after OGD/R. e, f Western blotting was used to analyze the mitochondrial protein
expression levels of Pink and Parkin in N2a cells after OGD/R. g, h Western blotting was used to analyze the protein expression level of P62 in
N2a cells after OGD/R. i–lWestern blotting was used to analyze the protein expression levels of RIPK3 in the ipsilateral brain region at 12 h and
1 d after reperfusion (n= 3). m, n The co-staining of RIPK3 and NeuN was assessed. Representative images from different groups are shown
(n= 4). o, p Western blotting was used to analyze the protein expression levels of p-AMPK and AMPK in the ipsilateral brain region (n= 3).
q, r Western blotting was used to analyze the mitochondrial protein expression levels of Pink and Parkin in the ipsilateral brain region (n= 3).
s, t Western blotting was used to analyze the protein expression level of p62 in the ipsilateral brain region (n= 3). Data are expressed as the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Ori protects neuron against RIPK3-mediated mitoptosis
L Li et al.

737

Acta Pharmacologica Sinica (2023) 44:726 – 740



RIPK3 knockdown both in vivo and in vitro. This result confirms
that RIPK3 signaling is required for Ori to prevent neuronal
mitochondrial apoptosis and exerts neuroprotective effects.
Reportedly, RIPK3 inhibition reduced mitochondria-initiated

oxidative damage, sustained mitochondrial dynamics and
inhibited cell death [29–31]. Therefore, our findings and previous
reports together suggest that RIPK3 is an important target for
protecting neurons after I/R injury. Studies have suggested that
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RIPK3 interacts with AMPK to initiate AMPK-mediated autophagy
and induce cell death [26–28, 46]. In our study, RIPK3/AMPK-
mediated mitophagy signaling was indeed activated at an early
stage of disease progression and peaked at 1 h after I/R injury.
We also provided evidence that Ori reduced the activation of
mitophagy, inhibited RIPK3/AMPK mitophagy signaling and
decreased caspase-9 mitochondrial apoptosis in neurons. Impor-
tantly, both the blockage of RIPK3 via siRNA and mitophagy via
3-MA and treatment with Ori showed comparable anti-apoptosis
effects, which confirms that the inhibition of RIPK3-mitophagy is
required for Ori’s neuroprotective effect after ischemic stroke.
In conclusion, our findings provide evidence showing that Ori

rescued neuronal loss by inhibiting caspase-9-dependent neuro-
nal apoptosis in a RIPK3-dependent manner. By inhibiting the
expression of RIPK3, Ori suppressed AMPK-mediated neuronal
excessive mitophagy and improved mitochondrial function. These
results established the beneficial effects of Ori and its special
mechanism of action, suggesting that it is a novel therapeutic
approach/target of stroke in humans.
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