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proliferation, invasion, and apoptosis through modulation of MAPKs, MMP9, and Bcl-2
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ABSTRACT
Emerging evidence indicates that methylglyoxal (MG) can inhibit tumorigenesis. Glyoxalase I (GLOI), a MG
degradation enzyme, is implicated in the progression of human malignancies. However, little is known
about the roles of MG and GLOI in breast cancer. Our purpose was to investigate the anticancer effects of
MG and inhibition of GLOI on breast cancer cells and the underlying mechanisms of these effects. Our
findings demonstrate that cell viability, migration, invasion, colony formation, and tubule formation were
significantly restrained by addition of MG or inhibition of GLOI, while apoptosis was significantly
increased. Furthermore, the expression of p-JNK, p-ERK, and p-p38 was markedly upregulated by addition
of MG or inhibition of GLOI, whereas MMP-9 and Bcl-2 expression levels were dramatically decreased.
These effects were augmented by combined treatment with MG and inhibition of GLOI. Collectively, these
data indicate that MG or inhibition of GLOI induces anticancer effects in breast cancer cells and that these
effects are potentiated by combination of the 2. These effects were modulated by activation of the MAPK
family and downregulation of Bcl-2 and MMP-9. These findings may provide a new approach for the
treatment of breast cancer.

Abbreviations: Bcl-2, B-cell lymphoma protein-2; DMEM, Dulbecco Modified Eagle medium; ER, estrogen receptor;
ERK, extracellular signal-regulated kinases; FCS, fetal calf serum; FITC, fluorescein isothiocyanate; GLOI, glyoxalase I;
GLOII, glyoxalase II; JNK, c-Jun N-terminal kinases; MAPKs, mitogen-activated protein kinases; MG, methylglyoxal;
MMP9, matrix metallopeptidase 9; NF-kB, nuclear factor-kB; p38, p38 mitogen-activated protein kinase; PBS, phos-
phate-buffered saline solution; PI, propidium iodide; PKC, protein kinase C; RT-PCR, reverse-transcriptase polymer-
ase chain reaction; TNF, tumor necrosis factor.
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Introduction

Despite advances in early diagnosis and treatment, breast can-
cer is the most prevalent cancer and the second most common
cause of cancer death in women in the US, where breast cancer
accounts for 29% of all newly diagnosed cancers and 15% of all
deaths from cancer in 2014.1 Although the incidence of breast
cancer in China used to be low, it has increased dramatically in
recent years and continues to rise.2,3 The high mortality rate is
due mainly to tumor recurrence.4 The recurrent tumors are
often more aggressive than the primary tumor, possess an
intrinsic resistance to therapy, and have a high metastatic
potential, all of which contribute to a poor prognosis. There-
fore, the need for novel and effective therapeutic approaches
that suppress the mechanisms for breast cancer recurrence is
particularly urgent.

Methylglyoxal (MG), a highly reactive dicarbonyl com-
pound, is formed spontaneously during glycolysis.5 Accumulat-
ing evidence indicates that MG exhibits antitumor activity in
various cancer cells, partially by a strong cytotoxic effect.6 A
great deal of evidence indicates that MG promotes the

activation of protein kinase C (PKC), c-Jun N-terminal kinases
(JNK), and p38 mitogen–activated protein kinase (MAPK) sig-
naling, thus inducing cell apoptosis and necrosis.7-9 Talukdar
et al. reported that MG prevents tumor growth by inhibiting
mitochondrial respiration and glycolysis of malignant cells.10

Nevertheless, the role of MG in breast cancer is largely
unknown.

The glyoxalase system is a ubiquitous detoxification pathway
consisting of glyoxalase I (GLOI) and glyoxalase II (GLOII),
which act in concert to convert the spontaneously formed hem-
ithioacetal adduct between glutathione and MG into D-lactate
and glutathione.9 It is known that cancer cells have lower MG
and higher GLOI levels and activity than normal cells.5,6,9,11

Abnormal expression and activity of GLOI and MG levels have
been demonstrated in breast cancer cells as well.12,13 Increased
expression and activity of GLOI are believed to be associated
with the increased proliferation, progression, and drug resis-
tance of tumor cells.14

Matrix metallopeptidase 9 (MMP9) is one of a class of zinc-
dependent proteinases that degrade extracellular matrix
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components and is therefore important in tumorigenesis and
cancer metastasis.15 Production and secretion of MMP-9 in
tumor cells is a critical element in promoting metastasis.16

B-cell lymphoma protein-2 (Bcl-2), the founding member of
the Bcl-2 family, which includes both anti-apoptotic and pro-
apoptotic proteins, is known to modulate the cell cycle. Bcl-2 is
a key regulator of the intrinsic apoptosis pathway by interfering
with the release of cytochrome C from the mitochondria or its
binding to Apaf-1 through interaction with Bax.17 An earlier
study showed that overexpression and/or activation of Bcl-2
was correlated with cancer pathogenesis and chemoresistance
in several apoptosis-resistant cell lines and tumor specimens.18

Hence, Bcl-2 is a prime target for novel specific anticancer
therapeutics.

It has been shown that the MAPK family, which includes
p38 kinases, extracellular signal–regulated kinases (ERK), and
JNK, all play important roles in cell death, differentiation, and
survival.19 JNK and p38 are activated in response to several
stress signals, including tumor necrosis factor (TNF) and
hyperosmotic conditions, and this activation is associated with
induction of apoptosis.20 ERK activation is induced by growth
factors and oxidant injury and plays a major role in regulating
cell growth and differentiation.21

Emerging evidence suggests that MG and the glyoxalase sys-
tem are involved in tumorigenesis. Yet, the role of MG, espe-
cially in relation to the glyoxalase pathway in breast cancer and
the mechanisms underlying that role have not been elucidated.
In this study, we investigated the anticancer effects of MG and

Figure 1. Transfection with shGLOI reduced GLOI mRNA and protein levels and enzyme activity in breast cancer cells. The expression of GLOI mRNA (A) GLOI protein
(B) and GLOI enzyme activity (C) was reduced after transfection with shGLOI. ��p < 0.01, ���p < 0.001 vs. cells transfected with shNC.
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inhibition of GLOI and their potential molecular mechanisms
in breast cancer cells.

Results

GLOI knockdown suppressed GLOI mRNA, protein, and
enzyme activity in human breast cancer cell lines

After transfection with short hairpin GLOI (shGLOI), the
expression of GLOI mRNA (Fig. 1A) and protein (Fig. 1B)
were significantly suppressed in MCF-7 and T47D (estrogen
receptor [ER] positive) and MDA-MB-231 (ER negative) breast
cancer cells compared to cells transfected with short hairpin
control (shNC; p < 0.01 to 0.001). Similarly, GLOI enzyme
activity was also significantly decreased in the breast cancer
cells transfected with shGLOI compared to those transfected
with shNC (p < 0.01; Fig. 1C).

MG and inhibition of GLOI reduced breast cancer cell
viability, colony formation, and migration

Cell viability was inhibited in a dose- and time-dependent man-
ner in breast cancer cells (Fig. 2A). Incubation with MG (0.4 or
0.8 mM) or inhibition of GLOI for 12 h (Fig. 2B) or 24 h
(Fig. 2C) significantly reduced cell viability (p < 0.05 to 0.01).
The combination of MG with inhibition of GLOI augmented
these effects.

The number of colonies formed by breast cancer cells was
reduced significantly by incubation with 0.1 mM MG (p < 0.05
to 0.01 compared to controls) and to an even greater degree by
0.2 mMMG (p< 0.01) (Fig. 3). Inhibition of GLOI by transfec-
tion of shGLOI had a significant inhibitory effect on colony for-
mation by breast cancer cells (p < 0.01). Furthermore, the
combination of MG and GLOI inhibition showed a much
greater growth-suppressive effect than either treatment alone.

Figure 2. Treatment with MG and/or inhibition of GLOI reduced breast cancer cell viability. The viability of breast cancer cells was inhibited (A) after incubation with MG
at various concentrations and different time points, (B) by MG and/or inhibition of GLOI for 12 h, and (C) by MG and/or inhibition of GLOI for 24 h. �p < 0.05,
��p < 0.01.
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Treatment with MG (0.4 or 0.8 mM) or inhibition of GLOI
significantly reduced the number of breast cancer cells that
migrated through a transwell insert membrane compared to
the control cells or shNC-transfected cells, respectively. More-
over, co-treatment with MG and inhibition of GLOI decreased
breast cancer cell migration to a dramatically greater extent
than either treatment alone (p < 0.05 to 0.01) (Fig. 4).

MG and inhibition of GLOI reduced invasion and MMP-9
protein expression in

MDA-MB-231 cells
Treatment with MG (0.4 or 0.8 mM) or inhibition of GLOI sig-
nificantly reduced MDA-MB-231 cell invasion compared to the
controls or shNC-transfected cells, respectively (p < 0.01;
Figs. 5A & B). The combination of MG treatment and inhibi-
tion of GLOI greatly increased this effect (p < 0.01; Figs. 5A &
B). We also examined the effect of MG and inhibition of GLOI
on MMP-9 protein expression in these cells. As shown in Fig-
ures 5C and 5D, either treatment alone markedly suppressed
MMP-9 protein expression (p< 0.05 to 0.01), and combination
of the 2 treatments augmented this inhibitory effect (p < 0.01).

MG and inhibition of GLOI increased apoptosis of MDA-MB-
231 cells
Apoptosis was significantly increased after MG treatment or
inhibition of GLOI in MDA-MB-231 cells (p < 0.01; Figs. 6A

& B). The combination of MG (0.8 mM) with GLOI inhibition
increased cell apoptosis to a greater degree than either
treatment alone (p < 0.05 to 0.01).

MG and inhibition of GLOI reduced tubule formation by
breast cancer cells
In MDA-MB-231 cells, tubule formation was reduced markedly
after treatment with MG (0.4 or 0.8 mM) or inhibition of GLOI
inhibition alone and to an even greater degree in cells subjected
to the combination of MG (0.4 mM) and GLOI inhibition (p <

0.01). In MCF-7 cells, tubule formation was significantly inhib-
ited by MG treatment (p < 0.01), but GLOI inhibition had no
detectable effect (Figs. 7A & B).

MG and inhibition of GLOI increased MAPK phosphorylation
in breast cancer cells
Treatment with MG or inhibition of GLOI markedly
increased the phosphorylation of JNK (p-JNK; p < 0.05 to
0.01; Fig. 8A) and ERK (p-ERK; p < 0.05 to 0.01; Fig. 8B)
in MDA-MB-231 and MCF-7 cells. A similar effect on
phosphorylation of p38 (p-p38; p < 0.05 to 0.01) was
observed in MCF-7 cells but not in MDA-MB-231 cells
(Fig. 8C). Even stronger effects were observed in cells
treated with combination of MG and inhibition of GLOI (p
< 0.05 to 0.01).

Figure 3. Treatment with MG and/or inhibition of GLOI reduced colony formation by breast cancer cells. (A) Colony formation by breast cancer cells was significantly
suppressed by MG and/or inhibition of GLOI. Representative plates are shown. (B) Colonies formed by breast cancer cells were counted under a microscope. �p < 0.05,
��p < 0.01.
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MG and inhibition of GLOI downregulated expression of
Bcl-2 protein in breast cancer cells
As shown in Fig. 9, expression of the Bcl-2 protein was
markedly downregulated in MDA-MB-231 cells treated with
MG or transfected with shGLOI (p < 0.01). Even more potent
Bcl-2 inhibitory effects were observed in MCF-7 cells (p <

0.001). These effects were clearly augmented by combination of
MG treatment with GLOI inhibition (p < 0.05).

Discussion

Our findings demonstrate that treatment with MG or inhibi-
tion of GLOI suppressed proliferation, migration, and invasion,
and induced apoptosis, in ER-positive MCF-7 and T47D cells
and ER-negative MDA-MB-231 breast cancer cells. These
effects appeared to be modulated by the activation of MAPK
family kinases and downregulation of Bcl-2 and MMP-9, pro-
teins known to promote cancer development and progression.

These findings indicate that MG and GLOI exert important
biological effects on cell activity and colony formation in breast
cancer cells. Bair et al. showed that MG can exert anti-prolifer-
ative activity in human malignant melanoma.22 MG fully inhib-
ited PC-3 cell growth, leading ultimately to cell death.23

MGBCP formed by MG also resulted in a marked growth inhi-
bition of T-47D cells.24 GLOI is overexpressed in murine fibro-
sarcoma, hepatocellular carcinoma, and breast cancer cells,
while inhibition of GLOI expression significantly suppresses
the proliferation of these tumor cells.25,26,27 Successful GLOI
inhibition was confirmed by reduced level of GLOI mRNA,
protein and enzyme activity in our study. These findings are
consistent with our results. In contrast, recent studies suggest
that MG did not reduce proliferation of human prostate cancer
cells9 and even promoted the proliferation of vascular smooth
muscle cells,28 suggesting that the MG effect is cell line or
tumor specific; the mechanisms underlying these effects remain
an open question.

Our finding of marked increase of apoptosis with downregu-
lation of Bcl-2 after MG treatment or GLOI inhibition in
MDA-MB-231 or MCF-7 cells are in line with a previous report
that MG increased apoptosis through suppression of Bcl-2 pro-
tein expression in Neuro-2A neuroblastoma cells.29 Hiroya
et al. showed that GLOI inhibition or MG enhanced TNF-
related apoptosis-inducing ligand–induced apoptosis via down-
regulation of Bcl-2 expression mediated by nuclear factor kappa
B (NF-kB) inhibition.30 GLOI inhibition also resulted in a acti-
vation of mitochondrial apoptotic pathway via Hsp27, p53 and

Figure 4. Treatment with MG and/or inhibition of GLOI reduced breast cancer cell migration. (A) Migration of treated breast cancer cells was evaluated by penetration of
a transwell insert membrane. Representative membranes are shown. (B) Cells that penetrated the insert membrane were counted under a microscope. �p < 0.05,
��p < 0.01.
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NF-kB in irradiated MCF-7 cell apoptosis.31 Our finding that
MG treatment or GLOI inhibition markedly reduced Bcl-2
expression suggested that their antitumor effects in MDA-MB-
231 and MCF-7 breast cancer cells were partially mediated by
apoptosis through downregulation of the Bcl-2 pathway.

The marked reduction of MDA-MB-231 cell invasion by
MG administration or downregulation of GLOI was associ-
ated with downregulation of MMP-9, an important indicator
of breast cancer prognosis that is significantly associated

with higher grade breast tumors (grades II and III).32,33

Direct targeting of MMP-9 expression in invasive breast can-
cer cells has been shown to significantly inhibit cell invasion
and metastasis in vitro and in vivo.16,34 These findings sug-
gest that both MG and GLOI inhibition play suppressive
roles against breast cancer cell migration and invasion. This
is supported by published reports of similar roles of MG and
GLOI in the migration and metastasis of gastric cancer35 and
liver cancer cells.36

Figure 5. Treatment with MG and/or inhibition of GLOI reduced MDA-MB-231 breast cancer cell invasion and expression of MMP-9 protein. (A) Invasiveness of treated
MDA-MB-231 cells was assessed by penetration of a transwell insert membrane. Representative membranes are shown. (B) Cells that penetrated the insert membrane
were counted under a microscope. (C) The expression of MMP-9 in MDA-MB-231 cells was attenuated by MG, inhibition of GLOI, or both. (D) MMP-9 protein expression in
these cells was determined by densitometric analysis. �p < 0.05, ��p < 0.01.

Figure 6. Treatment with MG and/or inhibition of GLOI increased breast cancer cell apoptosis. (A) Apoptosis of treated MDA-MB-231 breast cancer cells was detected by
annexin V–propidium iodine (PtdIns) flow cytometry. (B) Quantification of apoptotic cells shows that MG and/or inhibition of GLOI promoted apoptosis. �p < 0.05,
��p < 0.01.
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Tumoral angiogenesis is considered an important step in the
metastatic cascade of tumors and tumor growth, supplying
nutrients and oxygen and disposing of catabolic products.37

Thus, inhibition of angiogenesis by tumor cells is associated
with a significant delay in tumor growth and is a promising
therapeutic strategy for prevention of cancer metastasis. Tubule
formation was suppressed by MG treatment or GLOI inhibition
in MDA-MB-231 cells but only by MG treatment and not by
GLOI inhibition in MCF-7 cells. We speculate that the ER or
other unknown biological properties of these cells could be
responsible for the difference. However, the underlying mecha-
nisms of these effects are not fully understood and further
investigation is warranted.

The MAPKs, a group of evolutionarily conserved Ser/Thr
protein kinases, play a dominant role in various cellular activi-
ties, such as mitosis, differentiation, proliferation, and cell sur-
vival/apoptosis.38,39 Pal et al. showed that MG activated
inducible nitric oxide synthase by a p38/NF-kB–induced path-
way and contributed to reactive oxygen species generation in
macrophages by ERK and JNK activation in a sarcoma-180

mouse model.40 Furthermore, p38 activation was suggested to
be a key signaling intermediate of MG-induced apoptosis in
kidney cells41 and Schwann cells,42 while the JNK pathway
appears to be important for MG-induced apoptosis in human
osteoblasts.8 These findings are consistent with our results
demonstrating the activation of MAPKs following MG treat-
ment and GLOI inhibition in breast cancer cells, though p38
was not affected in ER-negative MDA-MB-231 cells. We specu-
lated that the activation of p38 may be related to cell character-
istics, such as the expression of ER, degree of malignancy, and
susceptibility to MG and GLOI inhibition of the 2 cell lines,
which need to be further studied. Our results suggest that
MAPK pathway activation could be involved in the anti-prolif-
erative and pro-apoptotic effects of MG and silencing of GLOI
in breast cancer cells. Nevertheless, the exact molecular mecha-
nisms as how these pathways are regulated and their relation-
ships with each other need further investigation.

Not surprisingly, all these effects were intensified by combi-
nation of MG with inhibition of GLOI. Downregulation of
GLOI in tumor cells led to marked accumulation of MG and

Figure 7. Treatment with MG and/or inhibition of GLOI attenuated tubule formation by breast cancer cells. (A) Tubule formation was reduced in treated breast cancer
cells. Representative samples are shown. (B) Tubules formed by breast cancer cells were counted under a microscope. �p < 0.05, ��p < 0.01.
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increased its cytotoxicity, enhancing its antitumor effect.5,6,9

For this study, we selected 3 breast cancer cell lines represent-
ing different expression of ER and different degrees of malig-
nancy. Our findings in these cells are preliminary. Further
studies in animal models are needed to better define these anti-
cancer effects and their molecular mechanisms.

In summary, our data clearly demonstrate that MG treat-
ment or GLOI inhibition can restrain proliferation, migration,
and invasion and induce apoptosis in human breast cancer
cells. These effects may be modulated by activation of the
MAPK signaling pathway and downregulation of Bcl-2 and
MMP-9. Our findings suggest a promising therapeutic
approach against breast cancer.

Materials and Methods

Cell culture and reagents
ER-positive human breast cancer cell lines MCF-7 and T47D
were cultured in RPMI-1640 medium (Gibco, 11875093). ER-
negative human breast cancer cell line MDA-MB-231 was cul-
tured in high-glucose Dulbecco modified Eagle medium
(DMEM) (Gibco, 11995065). All media were supplemented

with 10% fetal calf serum (FCS) (Bioind, 040011A) and 100 U/
mL penicillin-streptomycin (Solarbio, P1400). Cells were cul-
tured at 37�C in a 5% CO2 atmosphere. All three cell types
were used in all experiments unless otherwise noted.

MG was purchased from Sigma (M0252). The following
reagents were used in this study: Annexin V-FITC Apoptosis
Detection Kit (KeyGEN Biotech, KGA107); p-JNK antibody
(9251), JNK antibody (9252), p-p38 antibody (4511), p-ERK
antibody (4370), Bcl-2 antibody (2870S), and MMP-9 antibody
(13667; all, Cell Signaling Technology); p38 antibody (Abcam,
32142); ERK antibody (Bioss, bs0022r); GLOI antibody (Epito-
mics, 67781); b-actin antibody (Beyotime, AA128); goat anti-
rabbit IgG (Bioworld, BS13271); and the Quantichrom Glyoxa-
lase I Assay Kit (Hayward, DGLO-100).

Cell transfection

The shRNA sequences targeting GLOI (shGLOI) and empty
vector (shNC) were synthesized by GenePharma. The sequen-
ces of shGLOI were GGATTCGGTCATATTGGAATT;
GGGAGTCAAATTTGTGAAGAA; GGCA

Figure 8. Treatment with MG and/or inhibition of GLOI increased MAPK activation in breast cancer cells. The expression of p-JNK (A), p-ERK (B), and p-p38 (C) in breast
cancer cells after MG treatment and/or inhibition of GLOI is shown. �p < 0.05, ��p < 0.01.
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TTTATTCAAGATCCTGA; and GAAGAACTGGGAGTCAAATTT.
MDA-MB-

231, MCF-7, and T47D cells were grown to 80%-90% confluence
and transfected with plasmids using Lipofectamine 2000 (DNA/
Lipofectamine 2000 ratio, 1:2) (Invitrogen, 11668-019) accord-
ing to the manufacturer’s instructions. After transfection for
24 h, cells were examined under a fluorescence microscope for
green fluorescence to determine transfection efficiency. Trans-
fected cells with transfection efficiency � 50% were grown in
culture medium containing 1000 mg/mL G418 (Sigma,
11811031) for 15 days to build stable cell lines. The clones were
verified by western blot and real-time quantitative polymerase
chain reaction (RT-PCR). The stably transfected clones were
pooled and used for further investigations.

Quantification of GLOI mRNA

Total RNA was extracted from breast cancer cells transfected
with shGLOI or shNC by using TRIzol (Invitrogen, 3101-100)
according to the manufacturer’s instructions. Total RNA
(500 ng) was reverse-transcribed to cDNA with random primer
(TaKaRa, RRO37A). Gene expression was measured by RT-
PCR using an Applied Biosystems 7500 Fast Sequence Detec-
tion System and SYBR Green PCR Kit (QIAGEN, 20454) under
the following conditions: denaturation at 95�C for 5 min, fol-
lowed by 40 cycles of denaturation at 95�C for 10 sec and
annealing and extension at 60�C for 30 sec. The GLOI mRNA
expression was normalized to that of b-actin.

Quantification of GLOI enzymatic activity

Cells transfected with shGLOI or shNC were harvested by tryp-
sinization and collected by centrifugation at 600 g for 5 min.
After two washes with phosphate-buffered saline solution
(PBS), cells were resuspended in 0.1 M K-phosphate buffer (pH
7.0) containing protease inhibitors. Cell suspensions were then

frozen-thawed 3 times in liquid nitrogen. The cells were sub-
jected to sonication (100 W, 20 s at 4�C) and centrifugation at
12,000g for 15 min at 4�C. The resulting cell extracts were
assayed for GLOI activity by using the Quantichrom Glyoxalase
I Assay Kit.

Cell viability assay

Cell viability was assayed by using the CCK-8 Kit (Dojindo,
CK04) as we described previously.43 In brief, cells were seeded
in 96-well plates at a density of 1£104 cells/well and incubated
for 24 h. Cells with or without GLOI knockdown were then
treated with various concentrations of MG or control vehicle
for 12 h or 24 h. CCK-8 assay reagent (10 mL) was then added
to each well and the plates incubated at 37�C for 1 h. Absor-
bance was measured at 450 nm using an electroluminescence
immunosorbent assay reader (Thermo Scientific).

Colony formation assay

The plate colony formation assay was performed to detect cell
growth.44 Cells were seeded at 1£103 cells/well in 6-well plates
and treated with MG and/or inhibition of GLOI. After 15 days,
colonies were visible with the unaided eye. The colonies were
fixed with 4% paraformaldehyde for 15 min and stained with
crystal violet (Beyotime, C0121) for 15 min at ambient temper-
ature. After washing with PBS, the colonies from 5 randomly
selected fields were counted under a microscope at £100
magnification.

Cell migration assay

Cells were seeded in 6-well plates and incubated with 0.4 or
0.8 mM MG and/or with inhibition of GLOI for 24 h. Cells
were collected and washed twice with PBS. Cells were then
resuspended with serum-free DMEM or 1640 medium and
seeded (MDA-MB-231, 2£104 cells; MCF-7, 1£105 cells) into

Figure 9. Treatment with MG and/or inhibition of GLOI suppressed Bcl-2 protein expression in breast cancer cells. Bcl-2 protein expression in MDA-MB-231 or MCF-7 cells
treated with MG and/or GLOI inhibition is shown. �p < 0.05, �� p < 0.01, ���p < 0.001.
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24-well transwell plates with an 8-mm pore membrane insert
(Corning, 3422) in each transwell. DMEM supplemented with
10% FCS or 1640 medium supplemented with 20% FCS was
placed in the lower chamber as a chemoattractant. MDA-MB-
231 cells and MCF-7 cells were incubated for 24 h and 48 h,
respectively. Cells that penetrated the membrane were fixed
with 4% paraformaldehyde for 20 min and stained with crystal
violet for 20 min at ambient temperature. The cells attached to
the lower surface in 5 randomly chosen fields were counted
under a microscope at £100 magnification.

Cell invasion assay

Because of the low malignancy and invasion capacity of MCF-7
and T47D, only MDA-MB-231 cells were chosen for this exper-
iment. The cell invasion assay was similar to the migration
assay except that the transwells were coated with matrigel solu-
tion (50 mL per transwell; matrigel:serum-free medium ratio
1:10). After 24 h, MDA-MB-231 cells (4£104 cells/well) were
seeded into the upper chambers of the transwells and incubated
with MG or inhibition of GLOI, whereas DMEM (600 mL) with
10% FCS was added to the lower chamber. After 24 h, the cells
that had penetrated the matrigel and moved to the lower sur-
face of the membrane were fixed with 4% paraformaldehyde
and stained with crystal violet. Cells adhering to the upper sur-
face of the membrane were removed with a cotton swab. The
cells attached to the lower surface in 5 randomly chosen fields
were counted under a microscope at £100 magnification.

Apoptosis assay

Because of the biological characteristics of cell adhesion, MCF-
7 and T47D cells are prone to breakage in the process of diges-
tion and blowing, resulting in serious mechanical damage, only
MDA-MB-231 cells were chosen for this experiment. MDA-
MB-231 cells were seeded in 12-well plates (5£105 cells/well)
and treated with various concentrations of MG (0.4 mM or
0.8 mM) and/or inhibition of GLOI for 24 h. Cells were col-
lected and washed twice with PBS. The cell suspensions were
stained with annexin V-enhanced green fluorescent protein
(FITC) and propidium iodide (PtdIns) from the Annexin V-
FITC Apoptosis Detection Kit for 15 min at room temperature
in the dark. Apoptotic cells double-stained with annexin V and
PI were isolated immediately by flow cytometry. The percent-
age of apoptotic cells was determined.

Tubule formation assay

Undiluted matrigel (50 mL) was layered in 96-well plates for
40 min. MDA-MB-231 and MCF-7 cells were added to the pre-
coated 96-well plates at a density of 1£105 cells/well and
treated with MG and/or Inhibition of GLOI. The plate was
then incubated at 37�C in a humidified CO2 incubator for 6 h.
After incubation, the tubules were photographed under an
inverted light microscope (Nikon). The tubules formed in 5
randomly selected fields were counted under a microscope at
£100 magnification.

Western blot analysis

Treated cells were harvested and subjected to lysis in the pres-
ence of a protease inhibitor cocktail and then subjected to cen-
trifugation at 12,000 g for 15 min at 4�C. The supernatant
fraction was collected and the protein concentration was mea-
sured using a bicinchoninic acid protein assay kit (Beyotime,
P0010). An aliquot of 70 mg of denatured protein from each
sample was applied to 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred onto a nitrocellulose
membrane (Parafilm, PM-996). After blocking with 5% nonfat
milk, membranes were incubated at 4�C overnight with the fol-
lowing primary antibodies (1:1000 dilution): anti-GLOI anti-
body, anti-p-JNK antibody, anti-JNK antibody, anti-p-p38
antibody, anti-p38 antibody, anti-p-ERK antibody, anti-ERK
antibody, anti-Bcl-2 antibody, anti-MMP-9 antibody, and anti-
b-actin antibody. Membranes were washed with Tris-buffered
saline/0.05% Tween-20 solution (TBST) and incubated with
horseradish peroxidase–conjugated secondary antibody (1:2500
dilution) for 1 h at ambient temperature. After washing with
TBST for 1 h, the membranes were incubated with enhanced
chemiluminescence solution for 2 min. The signals were
detected and quantified by densitometry using Quantity One
software. b-actin was used as an internal control.

Statistical analyses

Statistical analysis was performed with SPSS 17.0 software. All
results are expressed as mean § standard deviation. Each
experiment was repeated independently at least 3 times. Differ-
ences between groups were analyzed by using analysis of vari-
ance (ANOVA) and 2-tailed Student t-test. A p-value < 0.05
was considered statistically significant.]
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