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Introduction
NO, which was identified as an endothelial-derived relaxing 
factor (EDRF) in 1987[1], is a ubiquitous cellular messenger 
molecule in the cardiovascular, nervous and immune systems, 
where it has been shown to participate in activities involving 
cardiovascular function, neurodegenerative diseases and can-
cer[2–4].

Oridonin (Figure 1A), an active diterpenoid that was iso-
lated from Rabdosia rubescens, has various pharmacological 
and physiological functions, particularly for the treatment of 
cancers[5].  

Apoptosis, also known as type I programmed cell death, 
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Aim: To investigate the role of nitric oxide (NO) in oridonin-induced apoptosis and autophagy in murine fibrosarcoma L929 cells and the 
underlying molecular mechanisms.
Methods: Cell viability was measured using MTT assay.  Intracellular NO level, SubG1 cell ratio and autophagy cell ratios were analyzed 
with flow cytometry after diaminofluorescein-2 diacetate (DAF-2DA), propidium iodide (PI) and monodansylcadaverine (MDC) staining, 
respec tively.  Protein expression was examined using Western blot analysis.  
Results: Exposure of L929 cells to oridonin (50 µmol/L) for 24 h led to intracellular NO production.  Pretreatment with NOS inhibitor 
1400w or L-NAME inhibited oridonin-induced apoptosis and autophagy in L929 cells.  The pretreatment decreased the apoptosis-
related protein Bax translocation and cytochrome c release, increased Bcl-2 level, reversed the autophagy-associated protein Beclin 1 
increase and conversion of LC3 I to LC3 II.  Furthermore, pretreatment with NO scavenger DTT completely inhibited oridonin-induced 
apoptosis and autophagy in L929 cells.  In addi tion, oridonin (50 µmol/L) activated ERK and p53 in L929 cells, and the interruption of 
ERK and p53 activation by PD 98059, pifithrin-α, or ERK siRNA decreased oridonin-induced apoptosis and autophagy.  The inhibition 
of NO production reduced oridonin-induced ERK and p53 activa tion, and NO production was down-regulated by blocking ERK and p53 
activation. 
Conclusion: NO played a pivotal role in oridonin-induced apoptosis and autophagy in L929 cells.  Taken together with our previous find-
ing that ERK contributes to p53 activation, it appears that NO, ERK, and p53 form a positive feedback loop.  Consequently, we suggest 
that oridonin-induced apoptosis and autophagy are modulated by the NO-ERK-p53 molecular signaling mechanism in L929 cells.
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is characterized by an ensemble of morphological features, 
including cellular shrinkage, plasma membrane blebbing, 
chromatin condensation, nuclear fragmentation and apoptotic 
body formation[6].  Apoptosis can be triggered by intrinsic 
and extrinsic pathways that involve either mitochondria or 
death receptors[7].  Macroautophagy (hereafter referred to as 
autophagy) is the most active form of autophagy and affects 
various physiological and pathological processes, includ-
ing immunity, cancer and neurodegenerative diseases[8, 9].  
Autophagy is the process by which organelles and cytoso-
lic macromolecules are sequestered into double-membrane 
structures known as autophagosomes that are subsequently 
delivered to the lysosome for degradation[10].  Autophagy is 
regulated by several autophagy-related ATG genes, many of 
which have mammalian orthologs.  Two well-known ATG 
genes in mammals are Beclin 1 and microtubule-associated 
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protein light chain 3 (LC3).  Beclin 1, which is the mammalian 
homolog of Atg6 and functions in either the autophagic path-
way or the early formation of autophagosomes, plays a cen-
tral role in the regulation of autophagy[11].  LC3, which is the 
mammalian homolog of Atg8, is associated with the autopha-
gosomal membranes after autophagocytic processing.  LC3 I 
normally exists in the cytosol; when autophagy is induced, 
LC3 I conjugates with phosphatidylethanolamine to form the 
autophagosome-associated LC3 II.  The accumulation of LC3 
II is correlated with the number of autophagosomes present[12].

The L929 murine fibrosarcoma cell line was derived in 
March 1948.  Strain L was one of the first cell strains to be 
established in continuous culture, and clone 929 was the first 
cloned strain developed.  The parent L strain was derived 
from normal subcutaneous areolar and adipose tissues of a 
100-d-old male C3H/An mouse.  Clone 929 was established 
(by the capillary technique for signal cell isolation) from the 
95th subculture generation of the parent strain.  It is widely 
believed that L929 is sensitive to tumor necrosis factor alpha 
(TNFα) and that TNFα-induced cell death is caspase-indepen-
dent[13].  Our previous study demonstrated that oridonin could 
induce L929 cell caspase-independent apoptosis by the activa-
tion of the ERK-p53 signaling pathway[14, 15].  Interestingly, NO 
is known to activate both ERK and p53 via phosphorylation[16], 
and it appears to be involved in the regulation of apoptosis[17].  
In this study, oridonin induced NO production, which medi-
ated L929 cell apoptosis and autophagy and led to the activa-
tion of ERK and p53.

Materials and methods
Reagents 
Oridonin was obtained from the Kunming Institute of Botany, 
Chinese Academy of Sciences (Kunming, China), and its 
purity was determined to be 99.4% by HPLC measurements.  
Fetal bovine serum was purchased from TBD Biotechnology 
Development (Tianjin, China); 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT), propidium iodide 
(PI), monodansylcadaverine (MDC), RNase A, diaminofluo-
rescein-2 diacetate (DAF-2DA), 1400w, L-NAME, sodium 
nitroprusside (SNP), DTT, PD98059 (PD), and pifithrin-α (PFT-
α) were purchased from Sigma Chemical (St Louis, MO, USA).  
ERK small interfering RNA (siRNA), control siRNA and Lipo-
fectamine 2000 were from Invitrogen (Invitrogen, Carlsbad, 
CA, USA).  Rabbit polyclonal antibodies against Bax, Beclin 1, 
LC3, ERK, p-ERK, p53, and p-p53, mouse polyclonal antibod-
ies against Bcl-2, cytochrome c, and β-actin and horseradish 
peroxidase-conjugated secondary antibodies were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture
L929 cells were cultured in RPMI-1640 medium (Gibco, NY, 
USA) supplemented with 10% fetal bovine serum (FBS) (Bei-
jing Yuanheng Shenyang Research Institution of Biotechnol-
ogy, Beijing, China), 100 μg/mL streptomycin, 100 U/mL pen-
icillin, and 0.03% L-glutamine and maintained at 37 °C with 
5% CO2 in a humidified atmosphere.  All of the experiments 

were performed on logarithmically growing cells.

Cell viability assay
Cells were seeded in 96-well plates at a concentration of 5×104 

cells/mL.  After 48 h of incubation, they were treated with ori-
donin in the presence or absence of the indicated inhibitors for 
24 h.  Cell viabilities were measured by MTT staining. 

Flow cytometric analysis of NO levels
The intracellular NO was detected using the NO fluorescent 
probe diaminofluorescein-2 diacetate (DAF-2DA).  Once diac-
etate groups of the DAF-2DA reagent are hydrolyzed by cyto-
solic esterases, DAF-2 is released and sequesters the reagent 
inside of the cell.  NO production converts the non-fluorescent 
dye, DAF-2, to its fluorescent triazole derivative, DAF-2 triaz-
ole (DAF-2T)[18].  The L929 cells were treated with oridonin for 
the indicated periods or co-incubated with the given inhibitors 
for 24 h.  They were then incubated with 10 μmol/L DAF-2DA 
at 37 °C for 30 min to measure NO production.  Next, the cells 
were harvested, and the pellets were suspended in 0.5 mL 
PBS.  Finally, the samples were analyzed by flow cytometry 
(Becton Dickinson, Franklin Lakes, NJ, USA).

 
Measurement of SubG1 cells
The L929 cells were treated with oridonin for the indicated 
periods or co-incubated with the given inhibitors for 24 h.  The 
collected cells were fixed in 70% ethanol, stained for DNA con-
tent with PI at 4 °C in the dark for 30 min, and measured by 
flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

Measurement of autophagy
After incubation with oridonin for the indicated periods, the 
cells were cultured with 0.05 mmol/L MDC at 37 °C for 1 h 
and then analyzed by flow cytometry.  

siRNA transfection
The cells were transfected with siRNA by using Lipofectamine 
2000 according to the manufacturer’s instructions.  The trans-
fected cells were used for subsequent experiments 24 h later.

Western blot analysis
The L929 cells were treated with oridonin for the indicated  
periods or co-incubated with the given inhibitors for 24 h.  
Equivalent amounts (30 μg) of total protein were separated 
by SDS–PAGE and transferred to a nitrocellulose membrane.  
Immunoblot analysis was performed as described previ-
ously[19].

Preparation of mitochondrial and cytosolic extracts
Cells were collected by centrifugation at 200×g at 4 °C for 5 
min and washed twice with ice-cold PBS.  The cell pellets were 
resuspended in ice-cold homogenizing buffer (250 mmol/L 
sucrose, 20 mmol/L HEPES, 10 mmol/L KCl, 1 mmol/L 

Cell viability (%)=100 –  A492, control – A492, experimental  ×100                                            A492, control – A492, blank
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EDTA, 1.5 mmol/L MgCl2, 1 mmol/L DTT, 1 mmol/L PMSF, 
1 μg/mL aprotinin, and 1 μg/mL leupeptin).  The cells were 
homogenized with 20 strokes of a Dounce homogenizer at 
4 °C.  Nuclei and intact cells were removed by centrifugation 
at 500×g at 4 °C for 12 min.  The supernatants were subjected 
to centrifugation for 30 min (12 000×g, 4 °C) to precipitate the 
mitochondria.  The resultant supernatants were used as the 
cytosolic fraction, and the pellets were lysed in lysis buffer (50 
mmol/L HEPES, pH 7.4, 1% Triton X-100, 2 mmol/L sodium 
orthovanadate, 100 mmol/L sodium fluoride, 1 mmol/L 
EDTA, 1 mmol/L EGTA, and 1 mmol/L PMSF) on ice for 1 h.  
The lysates were subjected to centrifugation at 12 000×g, 4 °C 
for 30 min, and the supernatants were used as the mitochon-
drial fractions.

Statistical analysis
All of the presented data and results were confirmed in at least 
three independent experiments.  The data are expressed as the 
mean±standard error (SEM).  The data were analyzed with a 
one-way ANOVA using the Statistics Package for Social Sci-
ence (SPSS) software (version 13.0; SPSS, Chicago, IL, USA), 
and the statistical comparisons were performed using least 
significant difference (LSD) post-hoc tests.  P<0.05 was consid-
ered to be statistically significant.

Results
Oridonin induces NO production
The production of NO was evaluated by a flow cytomet-
ric analysis with the NO fluorescent probe DAF-2DA.  In 
oridonin-treated L929 cells, the DAF-2T-positive cell ratio 
increased over time (Figure 1B).  These data suggest that ori-
donin induces NO production.

NO mediates apoptosis and promotes cytoprotective autophagy 
in oridonin-treated L929 cells
Cellular NO is primarily synthesized from L-arginine by a 
family of NOSs[20].  Thus, we introduced the NOS inhibitors 
1400w[21] and L-NAME[22] to investigate the role of NO in 
oridonin-induced cell growth inhibition.  As shown in Figure 
2A, the increase in NO was suppressed by 1400w or L-NAME.  
Additionally, the 1400w or L-NAME pretreatment reversed 
the oridonin-induced cell growth inhibition (Figure 2B).  These 
results suggested that oridonin-induced NO production 
caused cell death in L929 cells.

Our previous study demonstrated that oridonin induced 
apoptotic cell death and protective autophagy[23].  To investi-
gate the role of NO in oridonin-induced L929 cell apoptosis 
and autophagy, the cells were pretreated with 1400w and 
L-NAME.  Pretreatment with 1400w or L-NAME decreased 
the number of SubG1 cells compared to the oridonin alone 
treatment group (Figure 2C).  These findings indicated that 
NO induced apoptosis in the oridonin-treated L929 cells.  Our 
previous study also showed that oridonin induced apoptosis 
mainly through the mitochondrial pathway[15].  Hence, the 
expression of the mitochondria-related proteins Bax, cyto-
chrome c, and Bcl-2 were examined using Western blot analy-

ses (Figure 1S).  Pretreatment with 1400w or L-NAME seques-
tered the mitochondrial Bax and cytosolic cytochrome c and 
increased Bcl-2 levels (Figure 2E).  The inhibition of NO by 
1400w or L-NAME also attenuated the induction of autophagy 
(Figure 2D).  Furthermore, we obtained similar western blot 
results from the assessment of Beclin 1 levels and the conver-
sion of LC3 I to LC3 II (Figure 2E).  Collectively, these results 
indicated that NO was involved in oridonin-induced apopto-
sis and autophagy in L929 cells.  To further confirm the role of 
NO in oridonin-induced apoptosis and autophagy, we intro-
duced DTT to eliminate NO production[18] (Figure 2F).  DTT 
pretreatment reversed oridonin-induced apoptosis (Figure 
2G) and autophagy (Figure 2H).  Further studies verified 
that pretreatment with DTT decreased Bax translocation and 
cytochrome c release and increased Bcl-2 levels, whereas this 
pretreatment reversed the Beclin 1 increase and conversion of 
LC3 I to LC3 II (Figure 2I).  On the basis of the above results, 
we suggest that the oridonin-induced production of NO is 

Figure 1. Oridonin induced the generation of nitric oxide.  (A) Chemical 
structure of oridonin.  (B) Cells were incubated with 50 μmol/L oridonin 
for 0, 6, 12, and 24 h followed by flow cytometric analyses of NO level 
changes after DAF-2DA staining.  Mean±SEM.  n=3. 
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bifunctional in oridonin-induced cell death; it induces mito-
chondrial malfunction to promote the mitochondrial apoptotic 
pathway and simultaneously induces autophagy to protect the 
cells from dying.  

ERK-p53 is involved in oridonin-induced apoptosis and autophagy
Extracellular signal-regulated kinase (ERK), which is a mem-
ber of the mitogen-activated protein kinase family, and tumor 
suppressor protein p53 have been reported to be invovled in 
apoptosis and autophagy[24–26].  It is not known whether ERK 
and p53 participate in oridonin-induced cell apoptosis and 
autophagy.  To address this question, the cells were pretreated 
with 5 μmol/L MEK inhibitor PD98059 (PD) and 5 μmol/L 
p53 inhibitor pifithrin-α (PFT-α) to inhibit ERK and p53 activa-
tion, respectively.  As shown in Figure 3A, compared with the 

oridonin alone group, the PD pretreated group and the PFT-α 
pretreated group had significantly increased cell viabilities.  
The Western blot analyses demonstrated that p-ERK and p-p53 
levels rose over time after oridonin administration, despite 
the lack of obvious changes in ERK and p53 levels (Figure 3B).  
Furthermore, the inhibition of ERK or p53 activation decreased 
apoptotic cell death (Figure 3C) and MDC positive ratios 
(Figure 3D).  The Western blot analyses also showed that PD 
or PFT-α pretreatment reversed the oridonin-induced Bax 
translocation, cytochrome c release and declining Bcl-2 levels 
along with Beclin 1 activation and the conversion of LC3 I to 
LC3 II (Figure 3E).  These results indicate that ERK and p53 
are involved in oridonin-induced apoptosis and autophagy.  
In our previous work[15] oridonin-induced ERK contributed 
to p53 activation; thus, we introduced ERK-directed siRNA 

Figure 2.  Effect of nitric oxide on oridonin-induced apoptosis and autophagy.  (A) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence 
or absence of 1400w (10 μmoL/L) or L-NAME (20 μmoL/L) for 3 h and then analyzed by flow cytometry for NO level changes after DAF-2DA staining.  (B) 
Cell viability was measured by MTT assay.  (C–E) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence or absence of 1400w (10 μmoL/L) 
or L-NAME (20 μmoL/L) for 3 h.  (C) Flow cytometric analyses of apoptotic cell ratios after PI staining (SubG1 cells).  (D) Flow cytometric analyses of 
autophagic cell ratios after MDC staining.  (E) Western blot analyses for the detection of mitochondrial Bax, Bcl-2, cytosolic cytochrome c, Beclin 1, 
and LC3 levels.  β-Actin was used as an equal loading control.  (F–H) Cells were pretreated with 0.5 mmoL/L DTT and then cultured with 50 μmoL/L 
oridonin for 24 h.  (F) Flow cytometric analyses of NO level changes after DAF-2DA staining.  (G) Apoptotic cell ratios after PI staining (SubG1 cells).  (H) 
Autophagic cell ratios after MDC staining.  (I) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence or absence of 0.5 mmoL/L DTT and 
then analyzed by Western blotting to detect mitochondrial Bax, Bcl-2, cytosolic cytochrome c, Beclin 1, and LC3 levels.  β-Actin was used as a loading 
control.  Mean±SEM.  n=3.  bP<0.05, cP<0.01 vs oridonin-only treatment group. 
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to confirm the above results (Figure 3F).  As shown in Figure 
3G and H, the oridonin-induced apoptotic and autophagic 
ratios decreased after transfection with ERK-directed siRNA.  
Collectively, these results provided strong evidence that the 
ERK-p53 pathway is involved in the apoptotic and autophagic 
pathways simultaneously.

NO contributes to ERK-p53 activation, which provokes NO pro-
duc tion in oridonin-treated L929 cells
It should be noted that both NO, ERK and p53 participate in 

oridonin-induced apoptosis and autophagy.  Hence, explor-
ing the correlation between NO and ERK-p53 was the logical 
next step.  Compared with the oridonin alone group, 1400w 
or L-NAME pretreated cells showed decreased ERK and p53 
activities as shown by p-ERK and p-p53 protein levels, sug-
gesting that NO contributes to ERK and p53 activation (Figure 
4A).  Next, to investigate whether ERK and p53 affected NO 
production, the cells were pretreated with PD, PFT-α or ERK-
directed siRNA.  As shown in Figure 4B and 4C, compared 
with the oridonin alone group, the PD, PFT-α, and ERK-

Figure 3.  Effects of ERK and p53 on oridonin-induced apoptosis and autophagy.  Cells were incubated with 50 μmol/L oridonin for 24 h in the presence 
or absence of PD 98059 (PD) (5 μmol/L) or pifithrin-α (PFT-α) (5 μmol/L) for 3 h.  (A) Cell viabilities were measured by MTT assay.  (B) Western blot 
analyses for the detection of ERK, p-ERK, p53, and p-p53 levels after oridonin treatment for the indicated time periods.  β-Actin was used as a loading 
control.  (C) Flow cytometric analyses of apoptotic cell ratios after PI staining (SubG1 cells).  (D) Autophagic cell ratios after MDC staining.  (E) Western 
blot analyses for the detection of mitochondrial Bax, cytosolic cytochrome c, Beclin 1 and LC3 levels.  β-actin was used as a loading control.  (F) The 
cells were transfected with control or ERK-directed siRNA for 24 h, and then ERK levels were examined by Western blot analyses.  β-Actin was used 
as a loading control.  (G–H) After transfection, flow cytometric analyses of apoptotic (G) and autophagic (H) cell ratios were conducted after oridonin 
treatment.  Mean±SEM.  n=3.  bP<0.05, cP<0.01 vs oridonin-only treatment group.  

Figure 4.  Relationship between nitric oxide and ERK-p53.  (A) Cells were incubated with 50 μmol/L oridonin for 24 h in the presence or absence of 
1400w (10 μmol/L) or L-NAME (20 μmol/L) for 3 h and then analyzed by Western blotting to assess the p-ERK and p-p53 levels.  β-Actin was used as a 
loading control.  (B) Cells were incubated with 50 μmol/L oridonin for 24 h in the presence or absence of PD98059 (PD) (5 μmol/L) and pifithrin-α (PFT-α) 
(5 μmol/L) for 3 h and then analyzed by flow cytometry to measure NO level changes after DAF-2DA staining.  (C) Cells were transfected with control 
or ERK-directed siRNA for 24 h, and then flow cytometric analyses were carried out to evaluate NO levels after oridonin treatment.  Mean±SEM.  n=3.  
cP<0.01 vs oridonin-only treatment group.
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directed siRNA pretreated groups showed markedly reduced 
DAF-2T ratios, indicating that ERK and p53 are positive regu-
lators in oridonin-induced NO production.

Discussion
NO is a simple diatomic gas and free radical, and its biochemi-
cal features not only enable it to be an ideal signaling molecule 
but also exert a wide range of biological effects that can be 
summarized into three main categories: regulatory, deleteri-
ous and protective[27].  NO production during pre-apoptosis 
has been shown to be associated with mitochondrial dysfunc-
tion[28].  The mitochondrion works as a pivotal executioner in 
apoptotic signaling pathways.  Here, we showed that the mito-
chondria-associated pro-apoptotic protein Bax translocated 
to the mitochondria, and cytochrome c was released from the 
mitochondria into the cytosol after oridonin treatment.  In con-
trast, expression of the anti-apoptotic protein Bcl-2 was down-
regulated.  Moreover, the inhibition of NO production by 
1400w or L-NAME reduced Bax translocation and cytochrome 
c release and increased Bcl-2 levels.  These results indicate that 
oridonin-induced NO production results in mitochondrial 
dysfunction leading to apoptosis.  As an inducer of apoptosis, 
little is known regarding the role of NO in the modulation of 
autophagy.  In this study, we found that oridonin-induced NO 
production provoked autophagy as demonstrated by Beclin 1 
activation and the conversion of LC3 I to LC3 II.

NO has been reported to induce the activation of ERK and 
p53 in various cell types, suggesting the involvement of ERK 
and p53 in oridonin-induced cell death[17, 29, 30].  Consistent with 
these observations, our results demonstrated that NO produc-
tion regulated ERK and p53 activation, resulting in apoptotic 
cell death and protective autophagy in oridonin-treated L929 
cells.  Thomas et al have shown that low levels of NO induce 
ERK phosphorylation, whereas p53 phosphorylation occurs 
at considerably higher levels[16].  In our study, the activation 
of ERK and p53 via phosphorylation was accompanied by the 
sustained production of NO after oridonin administration.  It 
should be noted that pretreatment with DTT but not 1400w 
or L-NAME was able to completely eliminate NO production 
and thoroughly inhibit apoptosis and autophagy.  In addition 
to NO clearance, DTT is also a scavenger of reactive oxygen 
species (ROS) and peroxynitrite (ONOO–)[31], and NO can 
react with superoxide radicals, leading to the formation of 
ONOO– [32].  Thus, we speculate that (in addition to NO) ROS 
and reactive nitrogen species (RNS), such as ONOO–, may par-
ticipate in ERK and p53 activation and mediate apoptosis and 
autophagy in oridonin-treated L929 cells.  

Paradoxically, the NO-ERK-p53 pathway activated apop-
totic cell death and autophagy, although autophagy has previ-
ously been demonstrated to antagonize apoptosis and thereby 
protect cells from dying[23].  This phenomenon might occur 
because of the crosstalk between apoptosis and autophagy, 
which was first recognized when Beclin 1 was initially iden-
tified as a Bcl-2-interacting protein[33].  The binding of the 
anti-apoptotic proteins Bcl-2 and Bcl-xL to Beclin 1 inhibits 
autophagosome formation to decrease Beclin 1-dependent 

autophagy[34].  Bcl-2, the first protein that has been found to 
interact with Beclin 1, has been shown to inhibit autophagy, 
in addition to its well-established role in apoptotic inhibi-
tion[9].  The oridonin treatment down-regulated Bcl-2 levels, 
whereas the 1400w or L-NAME pretreatment reversed this 
decline.  The inhibition of ERK or p53 activation also reversed 
this decrease in Bcl-2 levels.  These results support the idea 
that the inhibition of Bcl-2 levels by the NO-ERK-p53 pathway 
leads to Beclin 1 activation and thereby induces autophagy.  
By contrast, a series of studies have reported that cytoplas-
mic p53 suppresses autophagy and that nuclear p53 triggers 
it[7, 33, 34].  PFT-α has been shown to specifically block the tran-
scriptional activity of p53[35].  In our study, the PFT-α pretreat-
ment resulted in decreased apoptosis and autophagy, accom-
panied by reductions in Bax and cytochrome c, and increased 
Bcl-2 levels with the simultaneous suppression of expression 
of the autophagic protein Beclin 1 and the conversion of LC3 
I to LC3 II.  Although the total p53 levels did not significantly 
change over time, the p-p53 levels markedly increased, and 
p53 translocated from the cytoplasm to the nucleus (Figure 2S).  
It is conceivable that nuclear p53 both triggered autophagy 
and activated Bax-dependent apoptotic signaling pathways.

In conclusion, oridonin induced NO production, which 
mediated apoptosis and autophagy.  NO production activated 
the ERK-p53 signaling pathway; in turn, ERK-p53 activation 
provided positive feedback for NO production, which stimu-
lated apoptosis and autophagy.  This dual action of NO as 
both an important player in apoptotic cell death and protec-
tive autophagy might aid in the development of an effective 
treatment to target NO toxicity.

Acknowledgements
This study was supported by the National Key Scientific Proj-
ect for New Drug Discovery and Development, (2009ZX09301-
012), 2009-2010, China.

Author contribution
Yuan-chao YE, Wei-wei LIU, Bin-bin LIU, and Takashi 
IKEJIMA designed the research; Yuan-chao YE, Hong-
ju WANG and Lei XU performed the research; Shin-Ichi 
TASHIRO and Satoshi ONODERA contributed some reagents; 
Yuan-chao YE analyzed the data and wrote the paper; Takashi 
IKEJIMA revised the paper.

Supplementary information
Supplementary figures are available at the Acta Pharmaco-
logica Sinica website.

References
1 Palmer RM, Ferrige AG, Moncada S.  Nitric oxide release accounts for 

the biological activity of endothelium-derived relaxing factor.  Nature 
1987; 327: 524–26.

2 Strijdom H, Chamane N, Lochner A.  Nitric oxide in the cardiovascular 
system: a simple molecule with complex actions.  Cardiovasc J Afr 
2009; 20: 303–10.

3 Gu Z, Nakamura T, Lipton SA.  Redox reactions induced by nitrosative 



1061

www.chinaphar.com
Ye YC et al

Acta Pharmacologica Sinica

npg

stress mediate protein misfolding and mitochondrial dysfunction in 
eurodegenerative diseases.    Mol Neurobiol 2010; 41: 55–72.

4 Ridnour LA, Thomas DD, Switzer C, Flores-Santana W, Isenberg JS, 
Ambs S, et al.  Molecular mechanisms for discrete nitric oxide levels 
in cancer.  Nitric Oxide 2008; 19: 73–6.

5 Kezoe T, Chen SS, Tong XJ, Heber D, Taguchi H, Koeffler HP.  Oridonin 
induces growth inhibition and apoptosis of a variety of human cancer 
cells.  Int J Oncol 2007; 23: 1187–9.

6 Taatjes DJ, Sobel BE, Budd RC.  Morphological and cytochemical 
determination of cell death by apoptosis.  Histochem Cell Biol 2008; 
129: 33–43.

7 Elmore S.  Apoptosis: a review of programmed cell death.  Toxicol 
Pathol 2007; 35: 495–516.

8 Levine B, Mizushima N, Virgin HW.  Autophagy in immunity and 
inflammation.  Nature 2011; 469: 323–35.

9 Chen N, Debnath J.  Autophagy and tumorigenesis.  FEBS Lett 2010; 
584: 1427–35.

10 Lleo A, Invernizzi P, Selmi C, Coppel RL, Alpini G, Podda M, et al.  
Autophagy: highlighting a novel player in the autoimmunity scenario.  J 
Autoimmun 2007; 29: 61–8.

11 Morselli E, Galluzzi L, Kepp O, Vicencio JM, Criollo A, Maiuri MC, et 
al.  Anti- and pro-tumor functions of autophagy.  Biochim Biophys Acta 
2009; 1793: 1524–32.

12 Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, 
et al.  LC3, a mammalian homologue of yeast Apg8p, is localized in 
autophagosome membranes after processing.  EMBO J 2000; 19: 
5720–8.

13 Huang J, Wu L, Tashiro S, Onodera S, Ikejima T.  A comparison of the 
signal pathways between the TNF alpha- and oridonin-induced murine 
L929 fibrosarcoma cell death.  Acta Med Okayama 2005; 59: 261–
70.

14 Cheng Y, Qiu F, Huang J, Tashiro S, Onodera S, Ikejima T.  Apoptosis-
suppressing and autophagy-promoting effects of calpain on oridonin-
induced L929 cell death.  Arch Biochem Biophys 2008; 475: 148–55.

15 Cheng Y, Qiu F, Ye YC, Tashiro S, Onodera S, Ikejima T.  Oridonin 
induces G2/M arrest and apoptosis via activating ERK-p53 apoptotic 
pathway and inhibiting PTK-Ras-Raf-JNK survival pathway in murine 
fibrosarcoma L929 cells.  Arch Biochem Biophys 2009; 490: 70–5.

16 Thomas DD, Espey MG, Ridnour LA, Hofseth LJ, Mancardi D, Harris CC, 
et al.  Hypoxic inducible factor 1alpha, extracellular signal-regulated 
kinase, and p53 are regulated by distinct threshold concentrations of 
nitric oxide.  Proc Natl Acad Sci U S A 2004; 101: 8894–9.

17 Chan WH.  Photodynamic treatment induces an apoptotic pathway 
involving calcium, nitric oxide, p53, p21-activated kinase 2, and c-Jun 
N-terminal kinase and inactivates survival signal in human umbilical 
vein endothelial cells.  Int J Mol Sci 2011; 12: 1041–59.

18 Gumpricht E, Dahl R, Yerushalmi B, Devereaux MW, Sokol RJ.  Nitric 
oxide ameliorates hydrophobic bile acid-induced apoptosis in isolated 
rat hepatocytes by non-mitochondrial pathways.  J Biol Chem 2002; 
227: 25823–30.

19 Ye YC, Yu L, Wang HJ, Tashiro S, Onodera S, Ikejima T.  TNFα-induced 
necroptosis and autophagy via supression of p38-NF-κB survival 
pathway in L929 cells.  J Pharmacol Sci  2011; 117: 160–9.

20 Knott AB, Bossy-Wetzel E.  Nitric oxide in health and disease of the 
nervous system.  Antioxid Redox Signal 2009; 11: 541–54.

21 Pacher P, Beckman JS, Liaudet L.  Nitric oxide and peroxynitrite in 
health and disease.  Physiol Rev 2007; 87: 315–424.

22 Yuan H, Perry CN, Huang C, Iwai-Kanai E, Carreira RS, Glembotski CC, 
et al.  LPS-induced autophagy is mediated by oxidative signaling in 
cardiomyocytes and is associated with cytoprotection.  Am J Physiol 
Heart Circ Physiol 2009; 296: H470–9.

23 Cheng Y, Qiu F, Ye YC, Guo ZM, Tashiro S, Onodera S, et al.  Autophagy 
inhibits reactive oxygen species-mediated apoptosis via activating 
p38-nuclear factor-kappa B survival pathways in oridonin-treated 
murine fibrosarcoma L929 cells.  FEBS J 2009; 276: 1291–306.

24 Lee YJ, Cho HN, Soh JW, Jhon GJ, Cho CK, Chung HY, et al.  Oxidative 
stress-induced apoptosis is mediated by ERK1/2 phosphorylation.  
Exp Cell Res 2003; 291: 251–66.

25 Wang J, Whiteman MW, Lian H, Wang G, Singh A, Huang D, et al.  A 
non-canonical MEK/ERK signaling pathway regulates autophagy via 
regulating Beclin 1.  J Biol Chem 2009; 284: 21412–24.

26 Vousden KH, Lane DP.  p53 in health and disease.  Nat Rev Mol Cell 
Biol 2007; 8: 275–83.

27 Giustarini D, Milzani A, Colombo R, Dalle-Donne I, Rossi R.  Nitric 
oxide and S-nitrosothiols in human blood.  Clin Chim Acta 2003; 330: 
85–98.

28 Snyder CM, Shroff EH, Liu J, Chandel NS.  Nitric oxide induces cell 
death by regulating anti-apoptotic Bcl-2 family members.  PLoS One 
2009; 4: e7059.

29 Yamazaki M, Chiba K, Mohri T.  Fundamental role of nitric oxide in 
neuritogenesis of PC12 cells.  Br J Pharmacol 2005; 146: 662–9.

30 Brynczka C, Merrick BA.  Nerve growth factor potentiates p53 DNA 
binding but inhibits nitric oxide-induced apoptosis in neuronal PC12 
cells.  Neurochem Res 2007; 32: 1573–85.

31 Jutooru I, Chadalapaka G, Sreevalsan S, Lei P, Barhoumi R, Bur-
ghardt R, et al.  Arsenic trioxide downregulates specificity protein 
(Sp) transcription factors and inhibits bladder cancer cell and tumor 
growth.  Exp Cell Res 2010; 316: 2174–88.

32 Ferdinandy P, Schulz R.  Nitric oxide, superoxide, and peroxynitrite in 
myocardial ischaemia-reperfusion injury and preconditioning.  Br J 
Pharmacol 2003; 138: 532–543.  

33 Chen N, Karantza-Wadsworth V.  Role and regulation of autophagy in 
cancer.   Biochim Biophys Acta 2009; 1793: 1516–23.

34 Eskelinen EL, Saftig P.  Autophagy: a lysosomal degradation pathway 
with a central role in health and disease.  Biochim Biophys Acta 2009; 
1793: 664–73.

35 Sohn D, Graupner V, Neise D, Essmann F, Schulze-Osthoff K, Janicke 
RU.  Pifithrin-alpha protects against DNA damage-induced apoptosis 
downstream of mitochondria independent of p53.  Cell Death Differ 
2009; 16: 869–78.




