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Sinomenine Induces G1-Phase Cell Cycle
Arrest and Apoptosis in Malignant Glioma
Cells Via Downregulation of Sirtuin 1 and
Induction of p53 Acetylation

Xiaoyan He1, Mayinur Maimaiti1, Yan Jiao1, Xuegang Meng1,
and Hongyan Li1

Abstract
Sinomenine, a bioactive alkaloid isolated from the traditional Chinese herb Sinomenium acutum, possesses antiinflammatory,
antinociceptive, antifibrotic, and antitumorigenic properties. In this work, we sought to explore the biological effects of sino-
menine on glioma cells. It was found that sinomenine caused a concentration-dependent inhibition of viability in both U87 and
U251 glioma cells. Sinomenine at 16 mmol/L caused 55% to 60% reduction in the proliferation of U87 and U251 cells. Moreover,
sinomenine treatment induced a G0/G1 cell cycle arrest and apoptosis. Mechanistically, sinomenine promoted p53 expression and
acetylation and reduced the expression of sirtuin 1. Ectopic expression of sirtuin 1 significantly prevented sinomenine-induced p53
acetylation and growth suppression in glioma cells. Moreover, sinomenine inhibited the growth of U87 xenograft tumors in vivo
and raised the p53 protein expression. Collectively, sinomenine shows antiproliferative effects against glioma cells which is
mediated through downregulation of sirtuin 1 and induction of p53 activity.
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Introduction

Malignant gliomas are highly aggressive and show resistance

to radiotherapy and chemotherapy.1,2 Although many efforts

have been made to improve therapeutic outcomes, the survival

time for patients with malignant gliomas is still low.3 There-

fore, identifying novel therapeutic agents for malignant glioma

is of great importance.

Sirtuin 1 (SIRT1) is a member of the family of nicotinamide

adenine dinucleotide–dependent deacetylases and plays an

important role in a broad range of biological processes, such

as oxidative stress,4 inflammation,5 glucose metabolism,6 and

tumor progression.7 Sirtuin 1 has the capacity to induce post-

translational modification of many proteins including onco-

genic or tumor suppressor proteins.8,9 p53 is a well-defined

substrate of SIRT1. It has been reported that downregulation

of SIRT1 leads to an increase in p53 acetylation, consequently

causing p53-dependent apoptosis in chronic lymphocytic leu-

kemia cells.10 Likewise, inhibition of SIRT1 exerts antiproli-

ferative effects against human melanoma cells by enhancing

p53 activity.11 In glioma cells, SIRT1 also regulates cell pro-

liferation and apoptosis,12 underscoring its potential as a ther-

apeutic target.
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Sinomenine (Figure 1A) is a natural bioactive alkaloid that is

extracted from the traditional Chinese herb Sinomenium acu-

tum.13 Clinically, sinomenine has a long history to be used to

treat rheumatoid arthritis.14 Apart from anti-inflammatory activ-

ity, sinomenine also possesses antinociceptive,15 antifibrotic,16

and antitumorigenic17 properties. It has been reported that sino-

menine can inhibit the growth and metastasis of osteosarcoma.17

Similarly, this compound elicits antiproliferative effects against

lung cancer cells.18 Despite these studies, the anticancer poten-

tial of sinomenine in glioma has not been investigated.

Therefore, in this work, we aimed to explore the biological

effects of sinomenine on the proliferation, cell cycle progres-

sion, apoptosis, and tumorigenesis of glioma cells. Addition-

ally, we examined whether sinomenine modulated the

expression and activity of SIRT1.

Materials and Methods

Cell Culture

Human glioma cell lines U87 and U251 were purchased

from the Cell Bank of Chinese Academy of Sciences

(Shanghai, China) and cultured in Dulbecco modified

Eagle medium supplemented with 10% fetal bovine serum

(FBS; Invitrogen, Carlsbad, California) in an atmosphere of

5% CO2 at 37�C. Normal human astrocytes were obtained

from ScienCell Research Laboratories (Carlsbad,

California; catalog no 1800) and cultured in astrocyte

medium (ScienCell Research Laboratories) containing

10% FBS.

Cell Viability Assay

Cells were plated at 8 � 103 cells/well in 96-well plates and

treated with different concentrations of sinomenine (1-32

mmol/L; Sigma-Aldrich, St Louis, Missouri) or 0.1%
dimethyl sulfoxide (DMSO; Sigma-Aldrich) for 48 hours.

Cell viability was measured using the cell counting kit 8

(CCK-8) assay according to the manufacturer’s protocols

(Dojindo, Kumamoto, Japan). In brief, cells were incubated

with CCK-8 solution for 4 hours. The absorbance was mea-

sured at 450 nm.

Figure 1. Sinomenine inhibits the viability and proliferation of glioma cells in vitro. (A) Chemical structure of sinomenine. (B) Glioma cells and

(C) normal human astrocytes were treated with indicated concentrations of sinomenine for 48 hours and measured for viability using the CCK-8

assay. (D), Cell proliferation analysis. Glioma cells were treated with 16 or 32 mmol/L of sinomenine for 48 hours and subjected to BrdU

incorporation assay. *P < .05 relative to vehicle-treated control cells. CCK-8 indicates cell counting kit 8; BrdU, bromodeoxyuridine.
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Bromodeoxyuridine Cell Proliferation Assay

Cells were plated in 96-well plates (1 � 104 cells/well) and

treated with 16 and 32 mmol/L sinomenine or DMSO for 48

hours. Cell proliferation was assessed using the bromodeoxyur-

idine (BrdU) cell proliferation enzyme-linked immunosorbent

assay kit (Abcam, Cambridge, United Kingdom) per the man-

ufacturer’s instructions.

Cell Cycle and Apoptosis Analysis by Flow Cytometry

For analysis of cell cycle distribution, cells were incubated with

the staining solution (Sigma-Aldrich) containing propidium

iodide (PI; 50 mg/mL) and RNase A (20 mg/mL) for 1 hour in

the dark. For apoptosis detection, cells were incubated with

annexin-V–fluorescein isothiocyanate and PI (BD Biosciences,

Franklin Lakes, New Jersey) according to the manufacturer’s

protocol. Stained cells were analyzed by a FACSCalibur flow

cytometer (BD Biosciences).

Western Blot Analysis

Tissue and cellular lysates were prepared using ice-cold

radioimmunoprecipitation assay buffer (Abcam) supplemen-

ted with complete protease inhibitor cocktail (Roche Diagnos-

tics, Mannheim, Germany). Equal amounts of protein (40 mg

per lane) were resolved with 10% to 12% sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and transferred to

nitrocellulose membranes. The membranes were incubated

overnight at 4�C with primary antibodies (1:500) against

SIRT1 (#2310), total p53 (#2524), acetylated p53 (Lys382;

#2525), and b-actin (#4970; all from Cell Signaling Technol-

ogy, Beverly, Massachusetts). Afterward, the membranes

were incubated with horseradish peroxidase–conjugated sec-

ondary antibody (Sigma-Aldrich; 1:5000 dilution). Protein

bands were visualized by the enhanced chemiluminescence

system according to the manufacturer’s instructions (Cell Sig-

naling Technology). Signals were quantitated by densitome-

try using Quantity One software (Bio-Rad Laboratories,

Hercules, California).

Figure 2. Sinomenine promotes G1-phase cell cycle arrest and apoptosis. (A B) U87 and U251 cells were treated with or without 16 mmol/L of

sinomenine for 48 hours and examined for cell cycle distribution by flow cytometry after PI staining. The sub-G1 population was gated out, and

the percentages of cells at the G0/G1, S, and G2/M phases were calculated. The statistic data in this figure represent the results from 3

independent experiments. (C), Apoptosis analysis by flow cytometry after annexin-V/PI staining. Top: representative dot plots of cells stained

with annexin-V and PI. *P < .05 relative to vehicle-treated control cells. PI indicates propidium iodide.
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Plasmids and Transfections

Human Sirt1-expressing plasmids were obtained from Origene

(Rockville, Maryland). Cells were transfected with the Sirt1-

expressing plasmid or empty vector using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instruction.

Twenty-four hours later, cells were exposed to 32 mmol/L of

sinomenine for additional 48 hours. The cells were then exam-

ined for gene expression, cell cycle progression, and apoptosis.

Tumor Xenografts in Nude Mice

The experimental procedures involving animals were approved

by the Animal Care and Use Committee of Xinjiang Uygur

Autonomous Region People’s Hospital (Urumqi, China). Male

Balb/c nude mice (4 weeks of age) were purchased from the

Shanghai Laboratory Animal Center (Shanghai, China). U87

cells were injected subcutaneously into the right flank of nude

mice (4 � 106 cells per mouse; 4 mice per group), and tumor

formation was monitored. When tumors reached the size of 150

mm3, tumor-bearing mice were randomly assigned to the control

and sinomenine treatment groups. In the sinomenine treatment

group, sinomenine (100 mg/kg body weight)19 was administered

intraperitoneally every 3 days for 3 weeks. Control animals

underwent the same procedure, except that physical saline was

given. Tumor volume was measured weekly for 4 weeks. Tumor

growth curves were plotted using the tumor volumes at different

time points. The mice were killed after the last measurement of

tumor volume. Tumors were resected and weighed. For Ki-67

immunohistochemistry, tumor samples were processed accord-

ing to standard procedures and stained with anti-Ki-67 antibody

(ab15580; 1:300 dilution; Abcam). The percentage of Ki-67-

positive nuclei relative to total nuclei was calculated by counting

500 cells from 5 random microscopic fields (400�).

Statistical Analysis

Data are expressed as mean (standard deviation). Statistical

differences were determined using the Student t test or 1-way

analysis of variance followed by the Tukey multiple compari-

son test. A P value < .05 was considered to indicate a statisti-

cally significant difference.

Results

Sinomenine Inhibits the Viability and Proliferation
of Glioma Cells In Vitro

U87 and U251 glioma cells were treated with different concen-

trations of sinomenine for 48 hours and measured for viability

using the CCK-8 assay. Sinomenine significantly inhibited the

viability of U87 and U251 cells in a concentration-dependent

manner (Figure 1B). In contrast, sinomenine up to 32 mmol/L

exerted no significant cytotoxicity to normal human astrocytes

as determined by CCK-8 assays (Figure 1C). To determine

whether sinomenine also inhibits glioma cell proliferation,

BrdU incorporation assay was conducted. Sinomenine at 16

mmol/L significantly suppressed the proliferation of U87 and

U251 cells by 55% to 60%, and mildly greater inhibition of cell

proliferation was observed when 32 mmol/L sinomenine was

used (Figure 1D). Therefore, in the following in vitro experi-

ments, 16 mmol/L sinomenine was employed.

Sinomenine Promotes G0/G1-Phase Cell Cycle
Arrest and Apoptosis

Analysis of cell cycle distribution after PI staining revealed that

sinomenine (16 mmol/L) for 48 hours resulted in an accumula-

tion of cells at the G0/G1 phase and a concomitant reduction of

cells at the S phase (Figure 2A and B). Moreover, sinomenine

treatment triggered significant apoptosis in both U87 and U251

Figure 3. Sinomenine increases p53 activity via reduction in SIRT1

expression. (A) Western blot analysis of indicated proteins in glioma

cells treated with or without 16 mM of sinomenine for 48 hours. (B)

Western blot analysis of indicated proteins in U87 cells transfected

with SIRT1-expressing plasmids or empty vector before treatment

with 16 mmol/L of sinomenine. The relative protein levels were

determined by densitometry after normalization to the values of

b-actin. The results are expressed as fold change. Numbers below

blots represent fold change in normalized protein expression relative

to vehicle-treated control cells. SIRT1 indicates sirtuin 1.
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cells as determined by flow cytometry after annexin-V/PI stain-

ing (Figure 2C).

Sinomenine Increases p53 Activity Via Reduction in
SIRT1 Expression

Western blot analysis revealed that sinomenine treatment

raised the protein levels of p53 compared to vehicle-treated

cells (Figure 3A). We further examined the level of p53 acet-

ylation, an important posttranslational modification leading to

enhancement of p53 activity.20 The results confirmed that sino-

menine treatment led to a marked increase in the amount of

acetylated p53 (Figure 3A). In contrast, sinomenine reduced

the expression of SIRT1 in glioma cells (Figure 3A). To test

whether sinomenine-induced p53 acetylation is associated with

downregulation of SIRT1, we overexpressed SIRT1 (Figure

3B) in glioma cells prior to sinomenine exposure. Of note,

enforced expression of SIRT1 significantly counteracted p53

expression and acetylation evoked by 32 mmol/L of sinomenine

in U87 cells (Figure 3B).

Restoration of SIRT1 Rescues Glioma Cells From
Sinomenine-Induced Growth Suppression

Next, we checked whether restoration of SIRT1 could rescue

sinomenine-mediated toxic effects on glioma cells. As shown

in Figure 4A, ectopic expression of SIRT1 rendered glioma

cells more resistant to the antiproliferative effect of sinomenine

(16 mmol/L). Moreover, sinomenine-induced cell cycle arrest

(Figure 4B) and apoptosis (Figure 4C) were significantly

reversed by overexpression of SIRT1. However, enforced

expression of SIRT3 did not alter the cytotoxicity of sinome-

nine to glioma cells (data not shown), confirming the involve-

ment of SIRT1 in the action of sinomenine.

Sinomenine Retards the Growth of Glioma Xenografts
In Vivo

To examine the antitumor effect of sinomenine in vivo, we

established a subcutaneous xenograft model of U87 cells.

Administration of sinomenine significantly inhibited the

growth of xenograft tumors compared to vehicle-treated ani-

mals (Figure 5A). The final weight of sinomenine-treated U87

xenograft tumors was 67% lower than corresponding controls,

respectively (Figure 5B). Tumor tissues were then processed

for Ki-67 (a proliferation marker) staining. The results showed

that the percentage of Ki-67-positive proliferating cells was

significantly reduced in sinomenine-treated tumors (P < .05

vs control tumors; Figure 5C). Additionally, p53 protein levels

were markedly elevated in sinomenine-treated tumors as deter-

mined by Western blot analysis (Figure 5D).

Figure 4. Restoration of SIRT1 rescues glioma cells from sinomenine-induced growth suppression. U87 cells were transfected with SIRT1-

expressing plasmids or empty vector before treatment with 16 mM of sinomenine, and tested for proliferation (A), cell cycle distribution (B), and

apoptosis (C). (A) BrdU incorporation assay. (B) Flow cytometric analysis of DNA contents after PI staining. (C) Apoptosis analysis after

annexin-V/PI staining. *P < .05. SIRT1 indicates sirtuin 1; BrdU, bromodeoxyuridine; PI, propidium iodide.
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Discussion

Natural compounds have gained increasing attention in the

treatment of gliomas.21,22 For example, b-elemene, a bioactive

agent isolated from a Chinese herb, exerts the anticancer effects

against glioma stem-like cells.21 The natural polyphenol com-

pound curcumin has exhibited the activity to suppress the

growth, migration, and invasion of glioma cells.22 Our data

demonstrated that sinomenine treatment led to a

concentration-dependent inhibition of the viability of glioma

cells. However, sinomenine at low-to-moderate concentrations

(up to 32 mmol/L) had no significant cytotoxicity to normal

human astrocytes. A preclinical study reported that sinomenine

significantly inhibited the growth of colon carcinoma xenograft

tumors in nude mice without causing obvious side effects.23

These results suggest that sinomenine can be used to selec-

tively kill tumor cells.

Our data showed that sinomenine at 16 mmol/L suppressed

the proliferation of glioma cells as determined by BrdU incor-

poration assay. To gain more insight into the antiproliferative

activity of sinomenine, we analyzed cell cycle progression and

apoptosis after sinomenine treatment. It was found that

sinomenine-treated glioma cells displayed an accumulation of

cells at the G0/G1 phase, indicating a cell cycle arrest. Con-

sistently, sinomenine arrested colon carcinoma cells at the G0/

G1 phase, which was accompanied by increased expression of

p21 and decreased expression of cyclin D1 and cyclin E.24

However, a previous study reported that sinomenine treatment

caused a cell cycle arrest at the S phase in human osteosarcoma

cells.17 Therefore, the antiproliferative activity of sinomenine

is not restricted to the G0/G1 phase of the cell cycle. In addition

to induction of cell cycle arrest, we found that sinomenine

treatment triggered significant apoptotic death in glioma cells.

The proapoptotic activity of sinomenine is also detected in

Figure 5. Sinomenine retards the growth of glioma xenografts in vivo. U87 cells were injected subcutaneously into nude mice to form xenograft

tumors. When tumors reached the size of 150 mm3, tumor-bearing mice were administered intraperitoneally with sinomenine or vehicle. (A)

Tumor growth curves for each group. (B) Tumors were removed and weighed at 4 weeks after sinomenine treatment. (C) Ki-67 immunohis-

tochemistry in sections of xenograft tumors. Top, representative images of Ki-67 immunostaining. Bottom, the percentage of Ki-67-positive

cells in the tumors. Scale bar ¼ 80 mm. (D) Western blot analysis of p53 protein levels in the U87 xenograft tumors. *P < .05 relative to the

vehicle-treated control group.
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other malignant cells, such as lung cancer cells18 and esopha-

geal carcinoma cells.25

p53 is well known as a key tumor suppressor, inducing cell

cycle arrest and apoptosis.26 In this study, we showed that

sinomenine treatment significantly increased the levels of

p53 protein in glioma cells. Moreover, sinomenine treatment

promoted the acetylation of p53 protein, which contributes to

the enhancement of p53 activity.20 These findings suggest the

involvement of p53 in the anticancer activity of sinomenine. In

contrast to enhanced p53 acetylation, the expression of SIRT1

was suppressed by sinomenine in glioma cells. The SIRT1 has

been shown to modulate the activities of many proteins by

inducing deacetylation.8,9 A previous study has demonstrated

that SIRT1 downregulation enhances p53 acetylation and

causes p53-dependent apoptosis in chronic lymphocytic leuke-

mia cells.10 Our data showed that ectopic expression of SIRT1

abolished sinomenine-induced p53 acetylation in glioma cells.

Moreover, the antiproliferative effects of sinomenine on

glioma cells were reversed by overexpression of SIRT1. These

results collectively indicate that sinomenine exerts its antic-

ancer activity in glioma cells via downregulation of SIRT1 and

induction of p53 acetylation. In support of this view, in vivo

xenograft studies demonstrated that administration of sinome-

nine inhibited the growth of glioma xenografts and increased

the levels of p53 protein.

In conclusion, we provide evidence that sinomenine exerts

growth-suppressive effects on glioma cells, causing a G0/G1

cell cycle arrest and apoptosis. However, sinomenine has mild

cytotoxicity to normal human astrocytes. The anticancer activ-

ity of sinomenine is causally linked to downregulation of

SIRT1 and induction of p53 acetylation. These observations

suggest that sinomenine may represent a promising natural

anticancer agent for glioma.
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