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Autophagy counteracts apoptosis in human multiple
myeloma cells exposed to oridonin in vitro via
regulating intracellular ROS and SIRT1

Rong ZENG*, Yan CHEN, Shuai ZHAO, Guo-hui CUI*

Department of Hematology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022,
China

Aim: To explore the mechanisms underlying the oridonin-induced apoptosis and autophagy in human multiple myeloma cells in vitro.
Methods: Human multiple myeloma RPMI8266 cells were used. The cell viability was assessed using MTT assay. Morphological
changes of apoptosis and autophagy were observed under transmission electron microscope. TUNEL and annexin V-FITC/PI dual
staining assays were used to measure apoptosis. Autophagy was analyzed using Western blot analysis and immunofluorescence
staining with a QDsgs ,m-Anti-LC3 fluorescent probe. Intracellular ROS was estimated with flow cytometry using DCFH-DA fluorescent
probe. Protein levels of active caspase 3, Beclin 1 and SIRT1 were determined with Western blot analysis.

Results: Exposure to oridonin (1-64 pmol/L) inhibited the proliferation of RPMI8266 cells in a concentration-dependent manner with
an ICs, value of 6.74 umol/L. Exposure to oridonin (7 umol/L) simultaneously induced caspase 3-mediated apoptosis and Beclin
1-dependent autophagy of RPMI8266 cells. Both the apoptosis and autophagy were time-dependent, and apoptosis was the main
effector pathway of cell death. Exposure to oridonin (7 umol/L) increased intracellular ROS and reduced SIRT1 nuclear protein in a
time-dependent manner. The blockade of intracellular generation of ROS by NAC (5 mmol/L) abrogated apoptosis, autophagy and the
decrease of SIRT1 in the cells exposed to oridonin (7 umol/L). The inhibition of autophagy by 3-MA (5 mmol/L) sensitized the cells to
oridonin-induced apoptosis, which was accompanied by increased intracellular ROS and decreased SIRT1.

Conclusion: Oridonin simultaneously induces apoptosis and autophagy of human multiple myeloma RPMI8266 cells via regulation of
intracellular ROS generation and SIRT1 nuclear protein. The cytotoxicity of oridonin is mainly mediated through the apoptotic pathway,

whereas the autophagy protects the cells from apoptosis.
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Introduction

Oridonin, an active diterpenoid compound isolated from Rab-
dosia rubescens, has various pharmacological and physiological
effects (eg, anti-tumor, anti-inflammation, and anti-bacterial),
and it has been widely used for the treatment of various
human diseases . Both apoptosis and autophagy are essen-
tial cellular homeostatic mechanisms, which are important
in multicellular organisms for development, tissue turnover,
and host defense. Autophagy is a conserved, genetically con-
trolled process that leads to the degradation of cytoplasmic
components within lysosomes and has recently gained much
attention for its paradoxical relationship with apoptosis. Some
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studies suggest that the inhibition of autophagy enhances
apoptosis. In contrast, others have suggested that autophagy
acts as a cell death pathway, termed programmed cell death
(PCD) type II, in cooperation with apoptosis'*”. Although
oridonin has been shown to induce apoptosis and autophagy
in some types of tumor cells in both in vitro and in vivo stud-
ies®™, the relationship between the two processes is unclear.
Furthermore, the molecular mechanisms underlying oridonin-
induced apoptosis and autophagy in RPMI8266 cells remain to
be determined.

Multiple myeloma (MM) is an untreatable hematological
disease characterized by the synthesis of excess immuno-
globulin (Ig), which forms endoplasmic reticulum-localized
unfolded or misfolded proteins that are potentially toxic to
MM cells. Hoang et al"! found that the level of autophagy that
occurs in MM cells was significantly higher than that in nor-
mal plasma cells. Additionally, the inhibition of autophagy
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in MM cells using chloroquine or Beclin 1-siRNA leads to cell
death. This observation suggests that autophagy has a protec-
tive effect on MM cell viability. Furthermore, the proteasome
inhibitor bortezomib, a clinical drug used for the treatment of
myeloma, can induce MM cell death and autophagy. How-
ever, the treatment of MM cells with an autophagy inhibitor
in combination with bortezomib resulted in an antagonistic
response in vitro. Consequently, the relationship between
autophagy and cell death remains complicated and requires
further investigation in multiple myeloma.

Reactive oxygen species (ROS) are generally small, short-
lived and highly reactive molecules. While ROS generation
is a consequence of basal cellular respiration, increased ROS
generation is associated with several pathological conditions
(eg, hypoxia, ischemia, and anti-tumor agents). Some stud-
ies have demonstrated that ROS generation activated caspase
cascades through the mitochondrial permeability transition to
mediate apoptosis> . In addition to apoptosis, ROS genera-
tion has recently been reported to mediate autophagy under
certain conditions™ ™. Sirtuin1 (SIRT1) is a NAD'-dependent
deacetylase that is involved in a diverse set of physiological
functions, including gene silencing, stress resistance, apop-
tosis, inflammation, senescence, and aging. Studies have
indicated that SIRT1 activity can be positively or negatively
07191 SIRT1 was

suggested to have anti-apoptotic functions by a wide range of
120, 21]

regulated by intracellular oxidative stress
in vivo and in vitro studies However, SIRT1 was shown
to promote autophagym’ =
the generation of intracellular ROS and SIRT1 activity could
underlie the effects of oridonin treatment in RPMI8226 cells.

. Therefore, we hypothesized that

Methods and materials

Reagents and antibodies

Oridonin, thiazolyl blue tetrazolium bromide (MTT), the
2’, 7'-dichlorofluorescein diacetate (DCFH-DA) fluorescent
probe, dimethyl sulfoxide (DMSO), the 3-methyladenine
(3-MA) autophagy inhibitor and the N-acetylcysteine (NAC)
free radical scavenger were purchased from Sigma-Aldrich.
The purity of oridonin was confirmed by HPLC to be greater
than 99%. Oridonin was dissolved in DMSO to make a stock
solution. The DMSO concentration was kept maintained 0.1%
in all cell cultures, and it did not exert any detectable effect
on cell growth or cell death. Anti-active caspase 3 (Abcam,
ab2302) and anti-LC3 (Abcam, ab48394) were purchased from
Abcam. Anti-Beclin 1 (sc11427) and anti-SIRT1 (sc74504) were
purchased from Santa Cruz Biotechnology.

Cell culture and treatments

Human multiple myeloma RPMI8226 cells were purchased
from American Type Culture Collection (ATCC). The cells
were maintained in RPMI-1640 medium (GIBCO, 31800-022)
supplemented with 10% fetal bovine serum (FBS) (TBD Bio-
technology Development, TBD0022HLY) without antibiot-
ics at 37°C in a 5% CO, humidified atmosphere. After the
cells reached a steady-state of exponential growth in normal
media, they were exposed to oridonin for 0, 6, 12, or 24 h
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prior to the analysis. To inhibit intracellular ROS generation
and autophagy, cells were pre-incubated with NAC or 3-MA,
respectively, at a concentration of 5 mmol/L for 1 h prior to
oridonin treatment.

MTT assay

A 100-pL suspension of RPMI8226 cells were seeded on
96-well plates with or without oridonin at various concentra-
tions (1, 2, 4, 8, 16, 32, and 64 umol/L) at a density of 1x10°
cells per well. After incubation for a designated period of
time, MTT was added to each well at a final concentration of
0.5 mg/mL for 3 h, and the resulting formazan crystals were
dissolved in DMSO. Optical density was measured at 490 nm
with background subtraction at 630 nm using a plate micro-
reader (TECAN SPETRA). The growth inhibitory ratio was
calculated as follows:

Growth inhibitory ratio (%)

= [(Acontrol_Ab[ank of Contm])_(ASample_Ablank of samp[e)] /
(Acontrol_Ablank of control) Xloo %

Transmission electron microscopy (TEM) analysis

After treatment, cell pellets were fixed with 2.5% glutaralde-
hyde in 0.1 mol/L cacodylate buffer, pH 7.4 at 4°C for at least
30 min. After fixation, the specimens were thoroughly washed
in 0.1 mol/L cacodylate buffer and then fixed with 1% osmium
tetroxide in the same buffer at room temperature (RT) for 1 h.
The specimens were dehydrated in a graded series of ethanol
and then embedded in Epon. Thin sections (0.1 pm) were cut,
stained with uranyl acetate/lead citrate and viewed using a
Hitachi H-300 TEM.

Analysis of apoptosis using the TUNEL assay and FCM of AV/PI
dual staining

In this study, several approaches were used to detect apopto-
sis quantitatively and qualitatively, including (I) the terminal
deoxynucleotidyl transferase mediated X-dUTP nick end
labeling (TUNEL) assay and (II) annexin V-FITC (fluorescein
isothiocyanate)/PI (propidium iodide) staining for FCM. The
TUNEL assay was performed using a commercial kit (BOSTER
Biological Technology, MK1020) according to the manufactur-
er’s protocol. Briefly, 1x10°cells/mL that were treated with 7
umol/L oridonin for 0 h or 24 h were collected and fixed in 4%
paraformaldehyde at 4°C. The fixed cells were then incubated
with the TUNEL reaction mixture for 1 h at 37°C, followed by
the addition of a peroxidase-conjugated detection antibody.
DNA fragments were stained using diaminobenzidine (DAB)
as a substrate for the peroxidase. Positive staining was identi-
fied using a light microscope as brown granules. The apopto-
sis rate was calculated as follows: apoptotic rate (%)=number
of positively stained cells/total number of cellsx100% (at
least 500 cells were counted under a light microscope). For
annexin V-FITC/PI dual staining, cells were processed with
an Annexin V-FITC kit (Keygene, KGA108) following treat-
ment according to the manufacturer’s instructions. Next, the
samples were analyzed using the FACScan flow cytometer



(Becton Dickinson) to quantify the apoptotic rate. Different
subpopulations were distinguished using the following crite-
ria: Q1, annexin V-negative, but Pl-positive (ie, necrotic cells)
indicating autophagic cell death in this study; Q2, annexin V/
PI-double positive (ie, late apoptotic cells); Q3, annexin V/
PI-double negative (ie, live cells); Q4, annexin V-positive, but
Pl-negative (ie, early apoptotic cells). The apoptotic rate was
determined as the percentage of Q2+Q4.

Immunofluorescence analysis of LC3 localization using a
QDsgo5 nm (quantum dots 605 nm)-Anti-LC3 fluorescent probe

To prepare the QDs4g5 nm-Anti-LC3 fluorescent probe, core-
shell QDs (ZnS-capped CdSe) were synthesized by the Col-
lege of Chemistry and Molecular Sciences, Wuhan University.
We used a 1.5-mL solution of high-quality oil-soluble core-
shell QDggs nm to synthesize water-soluble QDs according to
a previously developed procedure®. These activated dots
modified with thioglycolic acid were dissolved in PBS (0.08
mol/L, pH 7.4) containing 50 mmol EDC (1-(3-dimethyl-ami-
nopropyl)-3-ethylcarbodiimide hydrochloride, >98%) and 5
mmol NHS (N-hydroxy-succinimide, >98%). Next, the QDs
were incubated with 20 pL of a mouse anti-human monoclonal
LC3 antibody at RT in a shaking incubator for 2-4 h. The final
QD bioconjugates were purified by centrifugation at 6000xg
for 10 min, and the suspension was dialyzed for 8-12 h. The
resulting QDgps nm-Anti-LC3 probes were stored at 4°C. For the
immunofluorescence analysis, cells were collected following
treatment and fixed in 4% paraformaldehyde for 1 h at 4°C.
Next, the fixed cells were immobilized on a gelatin-covered
(0.1% gelatin and 0.01% chromium potassium sulfate) slide
and dried under sterile conditions at RT for 1 h. The specimen
was permeabilized in phosphate buffer solution (PBS) contain-
ing 0.1% Triton X-100 and sodium citrate at RT for 10 min.
Then, the specimen was incubated with the QD5 ,,,-Anti-LC3
probes at a final concentration of 1x10” mol/L at RT for 4 h.
After incubation, the slides were washed three times with
PBS and observed using fluorescence microscopy (Olympus)
with an excitation wavelength of 605 nm to determine LC3
localization. Under normal conditions, LC3-II is uniformly
distributed and has a diffuse localization pattern. During
autophagy, LC3-I is processed to LC3-II and translocates to
autophagosome membranes, which appear as red fluorescent
punctae. Because LC3-II localization is used as a marker for
autophagy, the percentage of fluorescent punctae-positive cells
compared with the total number of cells was calculated as fol-
lows to quantify the amount of autophagy: the percentage of
fluorescent punctae-positive cells (%)=(the number of fluores-
cent punctae-positive cells/the total number of cells)x100% (at
least 500 cells were counted using a fluorescence microscope).

Measurement of intracellular ROS generation

Intracellular ROS generation was estimated by FCM using the
DCFH-DA fluorescent probe. Briefly, the treated cells were
collected and washed twice with RPMI-1640. The level of
intracellular ROS was determined by incubating the cells with
the DCFH-DA working solution (25 pmol/L) at 37°C for 30
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min. After incubation, cells were washed twice with RPMI-
1640 and then analyzed using FCM to determine the DCF
fluorescence intensity at excitation and emission wavelengths
of 488 nm and 525 nm, respectively.

Protein extraction and Western blot analysis

Total cellular protein was harvested by washing cells with
ice-cold PBS and incubating them in lysis buffer (10 mmol/L
Tris, pH 7.4, 20 mmol/L NaCl, 5 mmol/L MgCl,, 0.5% NP-40,
and 0.1 mmol/L PMSF). The extracts were centrifuged, and
the clear supernatants containing total protein were collected.
Cellular nucleic proteins were extracted using a commercial
kit (DBI Bioscience, DBI1017) according to the manufacturer’s
protocol. After isolation, the protein concentration was
determined using the Bio-Rad protein assay, and an equal
amount of protein was subjected to SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Hybond-C extra, GE Healthcare Life Sciences, RPN203E).
After blocking with 5% non-fat milk, the membranes were
probed with the designated primary and secondary antibodies,
developed with the enhanced chemiluminescence method
(Pierce, 32106) and visualized using the Kodak Image Station.
The band density was quantified using the Image ] image pro-
cessing program. Because the extent of LC3 conversion is cor-
related with the level of autophagy™!, LC3-I and LC3-II were
detected by Western blot analysis.

Statistical analysis

All data are presented as meantstandard deviation (SD). Sta-
tistical significance was determined using Student’s ¢-test with
P-values <0.05 representing significance.

Results

Oridonin inhibits the proliferation of RPMI8226 cells

RPMI8226 cells were treated with oridonin at various concen-
trations (1, 2, 4, 8, 16, 32, and 64 pmol/L) for 6, 12, or 24 h. As
shown in Figure 1, oridonin induces remarkable inhibition of
cell proliferation in a time- and dose-dependent manner with
an IG5, of 6.74 umol/L in RPMI8226 cells at 24 h.
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Figure 1. Assessment of the proliferation inhibition induced by oridonin in
RPMI8226 cells. The cells were treated with oridonin at various doses for
6, 12, and 24 h. Viable cells were detected by MTT assay and proliferation
inhibitory ratio (%) was calculated. The data were represented as
mean+SD from three independent experiments.
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Oridonin induces caspase 3-mediated apoptosis in RPMI8226
cells

The TUNEL assay, FCM analysis of annexin V-FITC/PI dual
staining and TEM were performed to detect apoptosis in cells
treated with 7 umol/L oridonin for 0, 6, 12, or 24 h. As shown
in Figure 2A, a significant increase in the number of TUNEL-
positive apoptotic cells was detected in cells treated with ori-
donin for 24 h. The apoptotic rate of cells exposed to oridonin
was increased to 41.4%+1.42% while the apoptotic rate of the
control group was only 5.78%%0.56%. Annexin V-FITC/PI
dual staining demonstrated that oridonin induces a significant
time-dependent increase in the apoptotic rate [(Q2+Q4)%].
As shown in Figure 2C, the apoptotic rates of cells at the indi-
cated time points were 5.00%%1.55% (0 h), 10.47%=+0.68% (6
h), 14.70%+0.60% (12 h), and 17.53%+0.68% (24 h). Apoptotic
morphology was also observed using TEM in cells treated
with oridonin for 24 h (Figure 3B).

To explore the mechanism underlying the time-dependent
increase in apoptosis induced by oridonin, the level of active
caspase 3 was determined using Western blot analysis of cells
treated with 7 umol/L oridonin for 0, 6, 12, or 24 h. As shown
in Figure 2B, oridonin also results in a time-dependent activa-
tion of caspase 3. These results indicate that oridonin induces
caspase 3-mediated apoptosis in RPMI8226 cells.

Oridonin induces Beclin 1-mediated autophagy in RPMI8226
cells

Detection of autophagosomes, in addition to LC3 conversion
and localization in cells treated with 7 pmol/L oridonin for 0,
6, 12, or 24 h was performed using TEM, Western blot analy-
sis, and immunofluorescence using the QDsqgs n-Anti-LC3
fluorescent probe, respectively. There were a greater number
of autophagosomes, which is indicative of autophagy, in cells
exposed to oridonin for 24 h as compared with untreated
controls (Figure 3C). LC3-II was detected using Western blot
analysis. As shown in Figure 4A, the level of LC3-II protein
increased in a time-dependent manner after treatment with
oridonin. As shown in Figure 4B, oridonin induces a remark-
able increase in red fluorescent punctae at 6, 12, and 24 h,
which is indicative of LC3-II localization in autophagosomes
in cells. The percentage of red fluorescent punctae-positive
cells increased in a time-dependent manner during treat-
ment with oridonin for 24 h. The percentages of red fluores-
cent punctae-positive cells at the indicated time points were
14.33%+4.04% (0 h), 35.67%=%4.16% (6 h), 61.00%+3.61% (12 h)
and 91.00%+2.65% (24 h) (Figure 4B). These results suggest
that oridonin induces autophagy in a time-dependent manner
in RPMI8226 cells.

Because Beclin 1-independent autophagy has been reported,
the levels of Beclin 1 in cells treated with 7 pmol/L oridonin
for 0, 6, 12, or 24 h were determined using Western blot analy-
sis to investigate its role in autophagy induced by oridonin.
As shown in Figure 4C, Beclin 1 expression followed the same
time-dependent pattern as LC3 conversion and localization.
These data indicate that autophagy induced by oridonin is
canonical Beclin 1-mediated macro-autophagy.
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Intracellular ROS generation mediates apoptosis and autophagy
induced by oridonin through negative regulation of SIRT1 activity
To investigate whether ROS and SIRT1 are involved in
oridonin-induced apoptosis and autophagy, the levels of
intracellular ROS and SIRT1 nuclear protein in cells treated
with 7 pmol/L oridonin for 0, 6, 12, or 24 h were assessed by
the FCM analysis of DCF fluorescence intensity and Western
blot analysis, respectively. As shown in Figure 5A, oridonin-
induced apoptosis and autophagy, was associated with a
time-dependent increase in DCF fluorescence intensity. DCF
fluorescence intensities at the indicated time points were
23154.67+1332.90 (0 h), 28150.00+£716.45 (6 h), 32574.33+1908.46
(12 h), and 44410.67+2478.12 (24 h). In contrast, oridonin treat-
ment results in decreased nuclear SIRT1 protein in a time-
dependent manner (Figure 5B). These results suggest that the
induction of apoptosis and autophagy by oridonin may be
positively regulated by intracellular ROS generation and nega-
tively regulated by SIRT1 activity.

NAGC, a general free radical scavenger, was used to block
ROS generation to further confirm the roles of intracellu-
lar ROS generation and SIRT1 activity in the induction of
apoptosis and autophagy by oridonin. RPMI8226 cells were
pre-incubated with 5 mmol/L NAC for 1 h prior to expo-
sure to 7 pmol/L oridonin for 24 h, and then, the apoptosis,
autophagy, and the SIRT1 activity analyses were repeated.
As shown in Figures 5A and 6A, NAC completely inhibited
the oridonin-induced increase in DCF fluorescence inten-
sity (22932.67+2715.65 versus 44410.67+£2478.12, P<0.01). An
analysis of apoptosis and autophagy, including the FCM
analysis of annexin V-FITC/PI dual staining, Western blot
analysis of active caspase 3 and LC3-II, localization of LC3-II,
and Western blot analysis of Beclin 1, were repeated in cells
pre-incubated with NAC. While exposure to NAC alone for
24 h did not affect apoptosis and autophagy in cells (P>0.05),
NAC completely abrogated the oridonin-induced increase in
apoptosis (Figures 2B, 2C, 6B, and 6C, P<0.01) and autophagy
(Figures 4, 6D, 6E, and 6F, P<0.01). The SIRT1 nuclear pro-
tein level of cells pre-incubated with NAC was measured and
compared with cells treated with oridonin alone. As shown in
Figure 5B and Figure 6G, NAC reversed the oridonin-induced
decrease in SIRT1 nuclear protein levels (P<0.01).

These data suggest that SIRT1 activity was negatively regu-
lated by intracellular ROS generation. Therefore, we conclude
that intracellular ROS generation mediates the induction of
apoptosis and autophagy by oridonin, possibly through the
negative regulation of SIRT1 activity.

Inhibition of autophagy sensitizes RPMI8226 cells exposed to
oridonin to apoptosis mediated by intracellular ROS generation
and SIRT1 downregulation

We used 3-MA, a well-known inhibitor of autophagy, to
explore the role of autophagy in cell death and the relationship
between autophagy and apoptosis. Autophagy and apopto-
sis of cells pre-treated with 5 mmol/L 3-MA for 1 h and then
exposed to 7 pmol/L oridonin for 24 h were analyzed using
above mentioned methods.
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Figure 2. Assessment of apoptosis in cells treated with oridonin (ori) alone, cells pre-incubated with NAC, and cells pre-incubated with 3-MA. (A) The
cells were treated with 7 ymol/L oridonin for 24 h, and apoptosis was determined using TUNEL assay. The cells cultured under normal media were used
as control. The positive staining was identified under the light microscope at x400 magnification as brown granules. Apoptotic rate was calculated as
follows: apoptotic rate (%)=number of positive staining cells/number of total cellsx100% (at least 500 cells were counted under a light microscope). (B)
The cells were treated with 7 umol/L oridonin for O, 6, 12, and 24 h, or treated with 7 umol/L oridonin in the presence or absence of 5 mmol/L NAC, or
treated with 7 ymol/L oridonin in the presence or absence of 5 mmol/L 3-MA for 24 h. The active caspase 3 protein levels were detected using Western
blot assay. y-Tubulin was used as an equal loading control. The bands were quantified by densitometric analysis. The values for active caspase 3 were
corrected relative to the y-tubulin and shown in histogram. (C) The cells were treated with 7 ymol/L oridonin for O, 6, 12, and 24 h, or treated with 7
pumol/L oridonin in the presence or absence of 5 mmol/L NAC, or treated with 7 pmol/L oridonin in the presence or absence of 5 mmol/L 3-MA for 24 h.
The apoptotic rates were detected by FCM of annxin V-FITC/PI dual staining. Q1 quadrant (annexin V-, Pl+) represented dead cells; Q2 quadrant (annexin
V+, PI+) represented late apoptotic cells; Q4 quadrant (annexin V+, Pl-) represented early apoptotic cells; Q4 quadrant (annexin V-, Pl-) represented live
cells. The percentage of total apoptotic cells (Q2+Q4) was calculated and shown in histogram. All statistical significance was determined by Student’s
t-test. Columns, mean of three independent experiments; Mean+SD; °P<0.01.
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Figure 3. Assessment of the ultra-structure morphology of apoptosis and autophagy in RPMI8226 cells exposed to oridonin. The cells cultured under
normal media were used as control (A). The cells were treated with 7 ymol/L oridonin for 24 h (B, C). The representative images are shown. The
magnification was labeled in each image. (A) Normal morphology. (B) Apoptotic morphology. Arrow depicts apoptotic chromatin condensation. (C)

Autophagic morphology. Arrowheads indicate autophagosomes.

3-MA suppresses oridonin-induced autophagy, but not
baseline autophagy. As shown in Figures 4A, 7A, 7B, and
7C, the amount of LC3-II, the percentage of red fluorescent
punctae-positive cells and Beclin 1 protein expression in cells
pre-treated with 3-MA decreased markedly compared with
cells treated with oridonin alone (P<0.01). In contrast, a com-
parison of these autophagic parameters between cells exposed
to 3-MA alone and cells under normal conditions showed no
significant differences (P>0.05). In addition, 3-MA enhances
oridonin-induced apoptosis. As shown in Figures 2B and 7D,
3-MA augments the oridonin-induced increase in the apoptotic
rate (24.30%+1.80% versus 17.53%%0.68%, P<0.01). Measure-
ment of active caspase 3 levels in cells pre-treated with 3-MA
revealed the same results as the analysis of the apoptotic rate
(Figure 2C and Figure 7E). In conclusion, apoptosis, but not
autophagy, is the major effector pathway of oridonin-induced
cytotoxicity and autophagy protects cells against apoptosis.

Because the results above demonstrated that intracellular
ROS generation mediates oridonin-induced apoptosis through
negatively regulating SIRT1 activity, we determined whether
intracellular ROS generation and SIRT1 were also involved in
the pro-survival effect of autophagy. The intracellular ROS
generation and SIRT1 protein level in the nuclei of cells pre-
treated with 5 mmol/L 3-MA for 1 h and then exposed to 7
umol/L oridonin for 24 h was detected by an FCM analysis of
DCEF fluorescence density and Western blot analysis, respec-
tively. As shown in Figures 5B, 7F, and 7G, pre-treatment
with 3-MA further increases DCF fluorescence intensity
(57385.55+3935.33 versus 44410.67+2478.12, P<0.01) and
decreases SIRT1 nuclear protein level (P<0.01) compared with
cells treated with oridonin alone for 24 h.

In conclusion, we propose that intracellular ROS generation
contributes to the autophagic pro-survival mechanism. Inhibi-
tion of autophagy sensitizes cells to apoptosis through promo-
tion of ROS generation and SIRT1 downregulation induced by
oridonin.

Discussion

Oridonin, a potential drug for tumor treatment, has been
reported to simultaneously induce apoptosis and autophagy in
some tumor cell lines, including HeLa and A431 cells, among
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others? *!. Studies investigating the relationship between

autophagy and apoptosis are complicated and depend on
the cellular context and stimulus. Jia and colleagues dem-
onstrated that the induction of autophagy was essential to
TNF-a-induced apoptosis in a T-lymphoblastic leukemia cell
line, which indicated that execution of apoptosis is preceded
by and depends upon autophagy in this context™. In other
cellular settings, autophagy antagonized or delayed apoptosis,
and the inhibition of autophagy increased the sensitivity of
the cells to apoptotic signals®®*!. In our study, we found that
oridonin could simultaneously induce caspase 3-mediated
apoptosis and Beclin 1-dependent autophagy in RPMI8226
cells. The inhibition of autophagy by 3-MA sensitized the
cells to apoptosis, which suggests that oridonin cytotoxicity
is mainly the result of apoptosis and that autophagy acts as a
pro-survival mechanism in cells exposed to oridonin.
Intracellular ROS generation plays a significant role in
physiological and pathological processes, and a high level of
ROS is closely associated with apoptotic cell death. Recently,
many studies have reported that ROS could induce apoptosis
in a variety of malignant cells"> ™, Additionally, other stud-
ies have shown that oxidative stress could induce autophagy
under certain conditions. H,O, and 2-methoxyestradiol,
a well-known generator of ROS, could induce autophagy,
which contributed to cell death in HEK293, U87, and HelLa
cells™. Our study demonstrated that oridonin induces a
time-dependent increase in intracellular ROS generation
accompanied by increases in apoptosis and autophagy. The
complete inhibition of intracellular ROS generation by NAC
abrogated oridonin-induced apoptosis and autophagy. These
data indicate that intracellular ROS generation is required for
the induction of autophagy and apoptosis by oridonin.
Hasegawa et al originally demonstrated that excess ROS
positively regulates SIRT1 activity and serves as a compensa-
tory mechanism to protect cells against apoptosis"®. Recently,
some studies have shown that SIRT1 activity was negatively
regulated by intracellular ROS generation in lung epithelial
cells, endothelial cells, and macrophages in response to ciga-
rette smoke extract in vitro and in the lungs of patients with
COPD (chronic obstructive pulmonary disease)!'” "'l In this
study, we demonstrate that oridonin induces a time-dependent
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Figure 4. Autophagy of cell treated with oridonin (ori) alone, cells pre-incubated with NAC, and cells pre-incubated with 3-MA. The cells were treated
with 7 umol/L oridonin for O, 6, 12, and 24 h, or treated with 7 umol/L oridonin in the presence or absence of 5 mmol/L NAC, or treated with 7 umol/L
oridonin in the presence or absence of 5 mmol/L 3-MA for 24 h. (A) The LC3-Il and LC3-I protein levels of treated cells were detected using Western
blot assay. y-Tubulin was used as an equal loading control. The bands were quantified by densitometric analysis. The LC3-Il were corrected relative
to y-tubulin. (B) After designed experiment measures, the LC3 localization in cells was determined by immunofluorcesence using a fluorescent probe
of QDsgos nn-ANti-LC3, and the localization of LC3-Il at autophagosome membrane were indicated as red fluorescent punctate dots. The representative
images are shown. Autophagy was quantitated by the percentage of fluorescent punctate-positive cells in total cells. the percentage of fluorescent
punctate-positive cells was calculated as follows: the percentage of fluorescent punctate-positive cells (%)=number of fluorescent punctate-positive
cells/number of total cellsx100% (at least 500 cells were counted under a fluorescence microscope). (C) The protein level of Beclin 1 of treated cells
was detected using Western blot assay. y-Tubulin was used as an equal loading control. The bands were quantified by densitometric analysis. The
values for Beclin 1 were corrected relative to they-tubulin and shown in histogram. All statistical significance was determined by Student’s t-test.
Columns, mean of three independent experiments; Mean+SD; °P<0.01.

decrease in SIRT1 nuclear protein levels accompanied by an pletely reverses this decrease. This observation suggests
increase in intracellular ROS generation while NAC com- that SIRT1 activity is negatively regulated by intracellular
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Figure 5. Assessment of the level of intracellular ROS generation and SIRT1 nucleic protein in cells treated with oridonin (ori) alone, cells pre-
incubated with NAC and cells pre-incubated with 3-MA. The cells were treated with 7 umol/L oridonin for O, 6, 12, and 24 h, or treated with 7 ymol/L
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(A) DCF fluorescent intensity was assessed by FCM analysis and shown in the histogram. (B) The levels of SIRT1 protein in nuclei were determined
using Western blot assay. Nuclear lamina was used as an equal loading control. The bands were quantified by densitometric analysis and shown as
histogram. All statistical significance was determined by Student’s t-test. Columns, mean of three independent experiments; Mean+SD; °P<0.01.

ROS generation in RPMI8226 cells exposed to oridonin. The
anti-apoptotic function of SIRT1 was self-explanatory™ %2,
Accordingly, we demonstrated that oridonin decreases SIRT1
nuclear protein levels and increased apoptosis whereas 3-MA
enhances oridonin-induced apoptosis and the decrease in
SIRT1 nuclear protein levels. However, the role of SIRT1 in
autophagy is controversial. Some studies have shown that
SIRT1 promotes autophagy by down-regulating mTOR signal-
ing®; however, other studies have shown that the inhibition
of SIRT1 activity augmented autophagy™. In this study, we
found that the increase in autophagy was associated with a
decrease in SIRT1 nuclear protein levels and that the inhibition
of autophagy by 3-MA further reduces SIRT1 nuclear protein
levels and increases intracellular ROS generation. This result
suggests that autophagy is negatively regulated by SIRT1
activity.

In summary, generation of intracellular ROS mediates apop-
tosis and autophagy in RPMI8226 cells exposed to oridonin
and may be associated with a negative regulation of SIRT1

Acta Pharmacologica Sinica

activity. Apoptosis, but not autophagy, was the major effector
of oridonin-induced cytotoxicity. Autophagy protects against
apoptosis mediated by intracellular ROS generation and SIRT1
activity. Our results provide new mechanistic information
related to oridonin-induced apoptosis and autophagy, in addi-
tion to new MM therapeutic targets to enhance oridonin cyto-
toxicity.
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