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Propofol inhibits proliferation and accelerates 
apoptosis of human gastric cancer cells 
by regulation of microRNA-451 and MMP-2 
expression
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ABSTRACT. Propofol is an extensively used intravenous anesthetic agent. 
The aim of the present study was to evaluate the effects of propofol on 
the behavior of human gastric cancer cells and the molecular mechanisms 
associated with this activity. The effects of propofol on proliferation and 
apoptosis in the SGC-7901 gastric cancer cell line were detected by an 
MTT assay and measurement of caspase-3 activity. The protein expression 
levels of matrix metalloproteinase-2 (MMP-2) were detected by western 
blotting. Reverse transcription-quantitative polymerase chain reaction was 
conducted to evaluate the effect of propofol treatment on microRNA (miR)-
451 expression levels and an miR-451 precursor was used to evaluate 
whether miR-451 overexpression affects MMP-2 expression levels. In 
addition, the effect of miR-451 on propofol-induced antitumor activity was 
evaluated using anti-miR-451. Propofol significantly elevated miR-451 
expression levels, inhibited SGC-7901 cell proliferation, and promoted 
apoptosis. Propofol also efficiently reduced MMP-2 protein expression 
levels. Furthermore, miR-451 overexpression reduced MMP-2 protein 
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expression levels. In addition, neutralization of miR-451 by anti-miR-451 
antibody reversed the effect of propofol on cell proliferation and apoptosis and 
upregulated MMP-2 expression in the SGC-7901 cells. Propofol effectively 
inhibited proliferation and induced apoptosis in gastric cancer cells, which 
was partly owing to the downregulation of MMP-2 expression by miR-451.
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INTRODUCTION

Gastric cancer is the second leading cause of cancer-related mortality worldwide and 
is most likely to remain a predominant cause of mortality in the near future. In China, patients with 
gastric cancer are commonly diagnosed at an advanced clinical stage, with evident lymphatic tumor 
dissemination (Bandres et al., 2009). The five-year survival rate is approximately 60% for patients 
with localized disease but only 2% for those with metastatic disease (Rojo et al., 2006). Many studies 
have identified a variety of molecules associated with the development of gastric cancer. Among these 
molecules, matrix metalloproteinases (MMPs) are important as they degrade extracellular matrix 
proteins. The expression levels of MMP-2 have been reported to be increased in gastric cancer, and 
this increase is associated with advanced tumor stage and poor survival (Alakus et al., 2008; Ma et al., 
2011). MicroRNAs (miRNAs) are a class of single-stranded, highly conserved, small non-coding RNA 
molecules of ~22 nucleotides in length. miRNAs regulate gene expression levels through binding to the 
3'-untranslated region of target mRNAs, resulting in mRNA degradation or inhibition of translation (Zhao 
et al., 2013). miRNAs contribute to the majority of basic biological processes, such as development, 
differentiation, apoptosis, and cell proliferation. In addition, miRNAs may function as either oncogenes or 
tumor suppressors by specifically regulating the expression levels of target genes (Zhang et al., 2007). 
Aberrant miRNA expression levels and mutations in miRNA genes involved in gastric cancer have been 
well described (Gao et al., 2013; Stenholm et al., 2013). In terms of miR-451, it has been confirmed to 
be downregulated in many types of human malignancies, including gastric cancer (Kovalchuk et al., 
2008; Bandres et al., 2009; Bian et al., 2011; Tian et al., 2012). Furthermore, an enforced increase in the 
miR-451 expression levels in gastric cancer cells was shown to reduce cell proliferation and increase 
cell sensitivity to radiotherapy (Bandres et al., 2009).

Propofol (2,6-diisopropylphenol) is a commonly used intravenous anesthetic. Increasing 
evidence has indicated that propofol exhibits the ability to influence the motility, proliferation, and 
invasion of cancer cells in vitro and in vivo (Mammoto et al., 2002; Miao et al., 2010; Altenburg et 
al., 2011; Zhang et al., 2013a). Therefore, propofol may be a particularly suitable anesthetic for the 
perioperative phase of cancer surgery (Inada et al., 2011). However, to the best of our knowledge, 
no available information exists regarding the antitumor action of propofol in gastric cancer. The aim 
of the present study was to evaluate the effect of propofol on the behavior of human gastric cancer 
cells and the molecular mechanisms associated with this activity.

MATERIAL AND METHODS

Cell culture and reagents

The SGC-7901 human gastric cancer cell line was obtained from the Shanghai Institute 
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of Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s 
modified Eagle’s medium (Invitrogen Life Sciences, Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 2 mM glutamine, 100 U/mL penicillin and 
100 mg/mL streptomycin at 37°C in 5% CO2 and 95% atmospheric air. Propofol was purchased 
from Sigma-Aldrich and dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich) for in vitro analysis. 
The MMP-2 enzyme-linked immunosorbent assay (ELISA) kit was purchased from R&D Systems 
(Abingdon, UK). Polyclonal antibodies, including anti-β-actin and anti-MMP-2 were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell viability assay

The quantitative colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-di-phenyltetrazo-
lium (MTT; Sigma-Aldrich) was performed on 96-well plates to measure cell viability. Briefly, sub-
sequent to propofol treatment for the indicated lengths of time, 20 µL 5 mg/mL MTT was added to 
each corresponding test well and incubated at 37°C for 4 h in 5% CO2 and 95% atmospheric air. 
The MTT solution was subsequently replaced with 200 µL DMSO in order to dissolve the colored 
formazan crystals. The absorbance of each aliquot was read at 570 nm with a multidetection mi-
croplate reader (BMG Labtech, Durham, NC, USA). The experiments were independently repeated 
three times and the values are reported as means ± standard deviation.

Apoptosis analysis by Hoechst 33258 staining and caspase-3 activity 
measurement

Changes in nuclear morphology were evaluated by Hoechst 33258 fluorescence staining. 
The SGC-7901 gastric cancer cells were cultured on 24-well plates to 85% confluence and then 
treated with different concentrations of propofol for 48 h at 37°C. The cells were washed in ice cold 
phosphate-buffered saline (PBS), fixed with 4% formaldehyde in PBS for 15 min, and stained with 
10 µg/mL Hoechst 33258 (Sigma-Aldrich) for 5 min at room temperature. Apoptosis was assessed 
by the observation of condensed or fragmented nuclei.

The activity of caspase-3, a key enzyme in the modulation of apoptotic cascades, was 
determined to further detect cell apoptosis at the molecular level. Briefly, cells were cultivated on 
96-well plates, treated with drugs as mentioned in the figure legends, and assayed with colorimetric 
assay kits (Promega Corporation, Madison, WI, USA) according to the manufacturer instructions.

Gelatin zymography assays

To assess MMP-2 activity in SGC-7901 cells, a gelatin zymography assay was performed. 
Briefly, the SGC-7901 cells were incubated on 24-well plates for 24 h. Following serum starvation for 
24 h, the cells were treated with different concentrations of propofol for the indicated time periods. 
The supernatants were collected, centrifuged at 3000 g for 10 min, and the protein concentration was 
determined using a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotech, Jiangsu, China). 
Proteins (40 µg) were loaded onto a gel (8% polyacrylamide gels containing 1 mg/mL gelatin) and 
separated by electrophoresis. The gels were washed for 30 min twice in 2% (v/v) Triton X-100 (Sigma-
Aldrich) to remove sodium dodecyl sulfate (SDS), and were then developed overnight at 37°C in 
Zymogram incubation buffer (10 mM CaCl2, 0.01% NaN3, and 40 mM Tris-HCl), pH 8.0, and stained 
with Coomassie blue R250 solution. The MMP-2 protein was identified according to molecular weight.
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miRNA extraction and quantitative real-time PCR

miRNA extraction was conducted according to the standard Trizol (Invitrogen) protocol. 
The quantification of miR-451 level was performed by real-time PCR using TransStartTM SYBR 
Green qPCR Supermix (TransGen Biotech, Beijing, China) and U6 small nuclear RNA was 
used as an internal control. The primers utilized for real-time PCR analysis were as follows: 
(miR-451) forward, 5'-TCGAGGATCCCTGGGTACCCCACCTCCAGAGCCT-3' and reverse, 
5'-TCGAGCTAGCAAAATGTACCCTTTCCCCCAACCCCATT-3'; (U6) forward, 5'-CTC GCT TCG 
GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. Relative quantification of 
gene expression was performed with the Applied Biosystems 7300 Real-Time PCR System and 
data analysis was carried out using the 2-∆∆Ct cycle threshold method.

Western blot analysis

For western blotting, the SGC-7901 cells were lysed in an ice-cold radioimmunoprecipitation 
buffer containing 10 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, 1% NP-40, 5 mM EDTA, and 
protease inhibitor cocktail. The homogenates were then centrifuged at 13,200 g for 20 min at 4°C 
and the supernatant was aliquoted and frozen at -80°C. The quantification of total protein was 
performed using the BCA protein assay kit. Quantities of 30 µg total protein extract were separated 
by 12% SDS-PAGE and blotted onto nitrocellulose membranes (Millipore, Billerica, MA, USA). The 
membranes were incubated with 5% non-fat milk for 1 h at room temperature. The membranes 
were then incubated with affinity purified rabbit anti-MMP-2 (1:300; Santa Cruz Biotechnology) or 
β-actin (1:2000; Santa Cruz Biotechnology) antisera at 4°C overnight. Following three washes in Tris-
buffered saline/Tween-20, the membranes were incubated for 2 h with peroxidase-labeled goat anti-
rabbit IgG (1:5000; Santa Cruz Biotechnology). Immunolabeled protein bands were detected with an 
enhanced chemiluminesecence kit (Applygen Technologies Inc., Beijing, China) and exposed on an 
X-ray film. β-actin served as a reference for relative quantification. Following development, the band 
intensities were quantified using the Quantity One software (Bio-Rad, Hercules, CA, USA).

Cell transfection procedures

miR-451 precursor (100 nM) or anti-miR451 (Ambion, Carlsbad, CA, USA) was added 
to the cells to overexpress or knockdown miR-451 by co-transfection with Lipofectamine 2000 
(Invitrogen Life Sciences) in antibiotic-free medium, at 30-50% confluency, on 60-mm dishes for 24 
h. The cells were subsequently treated with propofol.

Statistical analysis

Analysis of variance and the Student t-test were performed with the SPSS software 
(version 17.0; SPSS Inc., Chicago, IL, USA) and the data are reported as means ± standard 
deviation. P < 0.05 and P < 0.01 were considered to indicate a statistically significant difference.

RESULTS

Propofol inhibits cell proliferation and accelerates apoptosis

Propofol treatment significantly reduced the proliferation of the SGC-7901 human gastric 
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cancer cells in a dose- and time-dependent manner as measured by an MTT assay (Figure 1A). 
Specifically, 5 and 10 µg/mL propofol markedly inhibited SGC-7901 cell growth at 48 and 72 h. 
The apoptotic effect of propofol was assessed by Hoechest 33258 staining and caspase-3 activity 
determination after 48 h of treatment, as shown in Figure 1B and C, respectively. An increased 
rate of apoptosis was observed in SGC-7901 cells following exposure to propofol for 48 h. In 
conclusion, propofol inhibited proliferation and promoted apoptosis in SGC-7901 cells.

Figure 1. Propofol inhibits cell proliferation and promotes apoptosis. Treatment with propofol prevented cell proliferation 
(A) and promotes apoptosis (B and C) in a dose-dependent manner in human gastric cancer cell line SGC-7901. *P < 
0.01 versus the control group without propofol treatment.

Propofol inhibits MMP-2 activity

Subsequent experiments were conducted to investigate the effect of propofol on MMP-2 
activity in SGC-7901 cells. Gelatin zymography analysis revealed that propofol treatment dose-
dependently suppressed MMP-2 activity (P < 0.01), as shown in Figure 2A.

To confirm propofol-induced MMP-2 inhibition, MMP-2 protein expression levels were 
evaluated by western blot analysis. As shown in Figures 2B and C, significant reduction in MMP-2 
protein expression levels was observed in cells exposed to 5 µg/mL propofol compared with that 
in the control cells (P < 0.01), which was consistent with the observed results of MMP-2 activity. In 
addition, propofol was found to inhibit MMP-2 protein expression in a dose-dependent manner, with 
a 56.41% reduction at 5 µg/mL and 76.50% reduction at 10 µg/mL.

Propofol activates miR-451 expression

Notably, propofol treatment dose-dependently increased miR-451 expression levels in SGC-
7901 cells, as shown in Figure 3. Specifically, the miR-451 expression levels increased 2.64-fold 
by 5 µg/mL propofol treatment, with a 3.72-fold increase following 10 µg/mL propofol treatment, 
significantly higher than the relative miR-451 expression levels in the control cells (P < 0.01).
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Figure 2. Propofol downregulates MMP-2 activity. MMP-2 activity dose-dependently reduced in SGC-7901 cells after 
exposure to propofol for 24 h by gelatin zymography assays (A). The protein expression of MMP-2 in SGC-7901 cells 
decreased after propofol treatment (B). Statistical analysis of MMP-2 protein levels were conducted (C). *P < 0.01 
versus the control group without propofol treatment.

Figure 3. Propofol activates miR-451 expression. Administration of propofol significantly augmented miR-451 
expression in a dose-dependent way. *P < 0.01 versus the control group without propofol treatment.

Overexpression of miR-451 reduces MMP-2 expression levels

The effect of miR-451 on MMP-2 expression levels in SGC-7901 cells was also investigated. 
miR-451 expression levels were determined by RT-qPCR analysis following transfection with the 
miR-451 precursor. The results demonstrated that the miR-451 precursor significantly increased 
miR-451 expression levels in SGC-7901 cells, as shown in Figure 4A (P < 0.01), and MMP-2 
expression levels were subsequently reduced because of overexpression of miR-451 (Figure 4B).

Anti-miR-451 reverses the effect of propofol

Anti-miR-451 was selected to assess the role of miR-451 in propofol-induced changes in 
SGC-7901 cells. RT-qPCR analysis revealed that the anti-miR-451 antibody significantly reduced 
miR-451 expression levels, suggesting the efficient introduction of anti-miR-451 antibody into SGC-
7901 cells (Figure 5A; P < 0.01). This inhibitor markedly reversed the prevention of cell proliferation 
and the induction of apoptosis caused by propofol (Figure 5B, C, and D). The inhibitory effect of 
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propofol on MMP-2 expression levels was also markedly reversed following transfection with anti-
miR-451 antibody in SGC-7901 cells (Figure 5E).

Figure 4. Overexpression of miR-451 can restrain MMP-2 expression. The expression of miR-451 was obviously 
elevated after transfection with miR-451 precursor (A). The results of western blot showed that transfection of miR-451 
precursor diminished MMP-2 protein expression (B). *P < 0.01 versus the control group.

Figure 5. Anti-miR-451 can reverse the effect of propofol. Expression of miR-451 decreased after transfection with 
anti-miR-451 precursor (A). Anti-miR-451 evidently promoted cell proliferation (B) and inhibited cell apoptosis (C and 
D) after treatment with propofol. *P < 0.01 compared with the control group without propofol treatment and #P < 0.01 
compared with propofol-treated group transfected with negative control. Western blot analysis indicated that anti-
miR-451 significantly increased MMP-2 protein expression in SGC-7901 cells after propofol treatment (E).

DISCUSSION

Gastric cancer remains a frequent cause of mortality worldwide since effective options for 
gastric cancer treatment are limited. In the present study, the effects of propofol treatment on the 
behavior of gastric cancer cells were evaluated, and propofol was found to inhibit SGC-7901 cell 
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proliferation and promote apoptosis. These results are consistent with those of other studies. For 
example, Zhang et al. (2013a) reported that propofol inhibited the growth and invasion and induced 
apoptosis of hepatocellular carcinoma cells. Mammoto et al. (2002) demonstrated that clinically 
relevant concentrations of propofol decreased the invasion ability of human cancer cells (HeLa, 
HT1080, HOS, and RPMI-7951). Miao et al. (2010) reported that propofol inhibited invasion of 
LOVO colon cancer cells. Therefore, propofol may be a more effective agent than other anesthetics 
in cancer surgery (Siddiqui et al., 2005; Inada et al., 2011; Wu et al., 2013).

To clarify the mechanism involved in the propofol-mediated SGC-7901 cell suppression, 
the effect of propofol on miR-451 and MMP-2 expression levels in the cells was examined. Propofol 
was observed to stimulate the expression of miR-451 in SGC-7901 cells. Overexpression of miR-451 
inhibited MMP-2 protein expression. Notably, neutralizing miR-451 with an anti-miR-451 antibody 
reversed the effect of propofol on the proliferation and apoptosis of SGC-7901 cells and upregulated 
MMP-2 expression. These results suggest that the antitumor function of propofol on gastric cancer 
cells may be partly due to miR-451-mediated downregulation of MMP-2. Previous studies have 
demonstrated that anesthetic treatment may result in numerous changes in miRNA expression 
levels, and that the miRNA expression pattern was specific for each anesthetic (Ishikawa et al., 
2012; Zhang et al., 2013b). Ishikawa et al. (2012) also revealed increased miR-451 expression 
levels in healthy rat livers following propofol treatment. However, the detailed mechanisms of how 
propofol influences miRNA expression levels remain unclear and further clarification is required.

One important step in tumor invasion and metastasis is the degradation of collagen IV, a 
basic element of basement membranes. MMP-2, also known as gelatinase A or 72-kDa collagenase 
IV, is a member of the MMP family and is able to degrade gelatin and type IV collagen, suggesting 
that MMP-2 is involved in tumor metastasis and may be of prognostic significance in the survival 
of cancer patients. Overexpression of MMP-2 in gastric cancer is responsible for increased tumor 
invasiveness and poor prognosis (Alakus et al., 2008). miR-451 has been identified as one of the 
most lowly expressed miRNAs in various tumors, including lung cancer (Wang et al., 2011), breast 
cancer (Kovalchuk et al., 2008), glioma (Tian et al. 2012), head and neck squamous cell carcinoma 
(Hui et al., 2010), and gastric cancer (Bandres et al., 2009). In those cases, miR-451 was always 
observed to act as a tumor suppressor. Nan et al. (2010) verified the regulatory function of miR-
451 on MMP-2 expression. However, miRNAs may function in accordance with the combinatorial 
circuits model, in which a single miRNA targets multiple mRNAs and several coexpressed miRNAs 
may target a single mRNA. Therefore, the potential regulatory circuit associated with miR-451 is 
vast and MMP-2 is only one important node in a large network. The identification of further miR-
451 molecular characteristics may aid in explaining the antitumor function of miR-451 in various 
human malignancies.

In conclusion, the present study indicates that propofol inhibits the proliferation and 
induces apoptosis of gastric cancer cells by upregulating miR-451 and downregulating MMP-2 
expression. Further studies in animal models and clinical trials are required to elucidate the exact 
effect of propofol on gastric cancer.
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