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A B S T R A C T

Breast cancer is one of the most lethal tumors in the world, among which 15% are triple-negative breast cancers
(TNBCs) with higher metastasis and lower survival rate. Anoikis resistance is a key process during tumor me-
tastasis, which is usually accompanied with metabolism reprogram. In this study, we established an anchorage
independent growth model for MDA-MB-231 cells and investigated the changes in metabolism and redox
homeostasis. Results showed that during detached-growth, MDA-MB-231 cells tend to generate ATP through
fatty acid oxidation (FAO), instead of glycolysis. Amount of glucose was used for pentose phosphate pathway
(PPP) to keep redox balance. Moreover, we discovered that a synthesized flavonoid derivative GL-V9, exhibited a
potent inhibitory effect on the anchorage independent growth of TNBCs in vitro and anti-metastasis effect in
vivo. In terms of the mechanism, GL-V9 could promote the expression and activity of AMPK, leading to the
decrease of G6PD and the increase of p-ACC. Thus, the level of PPP was suppressed, whereas FAO was highly
enhanced. The reprogram of glycolipid metabolism destroyed the redox balance ultimately and induced cell
death. This paper indicated a novel regulating mechanism of redox homeostasis involving with glycolipid me-
tabolism, and provided a potential candidate for the anti-metastatic therapy of TNBCs.

1. Introduction

Breast cancer is one of the most lethal tumors in the world. In the
United States, breast cancer is the most commonly diagnosed cancer
among women excluding skin cancers and is the second cause of cancer
death after lung cancer. In 2017, the number of new cases and breast
cancer deaths reached 252,710 and 40,610 respectively [1]. In China,
breast cancer is the most common cancer among female, with the in-
cidence 17.07% and 278,800 new cases, ranking fifth in the causes of
tumor death after cancers of lung, gastric, liver and colorectum [2].
Among all the breast cancer cases, 15% are triple-negative breast can-
cers (TNBCs), which lack expression of estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2) and have a very aggressive disease course [3]. 10–20% of
women who have TNBC subtype breast cancers usually have shorter
survival due to high malignancy, high recurrence rate and high

transferability [4]. 1–3 years after TNBCs are diagnosed, tumors can
easily transfer to internal organs and 40% of the metastasis occurs in
lungs [5].

Metastasis to distant sites is a substantial barrier in cancer therapy
and may cause 90% of human cancer deaths [6–8]. During the distant
metastasis, cancer cells need to travel through blood vessels or lym-
phatic vessels after they leave the primary lesions. Normal epithelial
cells depend on the adhesion to the extra-cellular matrix (ECM) for
survival, proliferation and differentiation [9]. Once detached from the
ECM, caspase-mediated apoptosis may be activated, which is known as
anoikis [10]. However, during tumor metastasis, cancer cells must
adapt to the condition of detachment from ECM while they are tra-
veling around the circulatory system. This kind of growth is also known
as anchorage-independent growth [11–13]. In the progress of ancho-
rage-independent growth, a distinct variety of cellular and molecular
alterations may contribute to the viability of cancer cells, indicating
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that cancer cells own their own regulation of anoikis resistance [9].
An alternative route of anoikis inhibition is high levels of reactive

oxygen species (ROS), which can activate SRC pathway [14]. ROS-
mediated activation of SRC contributes to anoikis inhibition through
ERK-mediated modulation of BIM-EL [15–17]. However, a substantial
reduction in glucose uptake and ATP was observed after MCF-10A cells
were cultured in non-adherent dishes [18]. Researches showed that in
unanchored breast cancer cells, the contribution of fatty acid oxidation
(FAO) for ATP production was extremely enhanced, no matter the
glucose was deprived or not [18,19]. Under this condition, fatty acid,
instead of glucose, became the main resource of oxidative phosphor-
ylation (OXPHOS) and increased ROS level. Meantime, the glucose
metabolism in oxidative branch of pentose phosphate pathway (PPP)
was highly activated, which produced amount of NADPH and kept the
balance of redox status. Thus, the balance of glycolipid metabolism
plays a vital role in anchorage-independent growth. Once the balance is
broken, the high level of ROS would be toxicity for the cancer cells
under anchorage-independent growth.

One of the hallmarks of cancer is reprogramming of energy meta-
bolism, among which an anomalous character regarded as ‘Warburg
effect’ is aerobic glycolysis [7]. The deregulating metabolism has been
proven to be related to tumor metastasis. Under hypoxia conditions,
both a switch to glycolysis and the acid microenvironment promote
expressions of angiogenetic factors which ultimately enhance tumor
metastasis [20]. In addition, the consumption of glucose produces some
by-products, such as lactic acid etc., which meet the needs of cancer
metastasis [21]. PPP is generally associated with metastasizing cancers
[22], which not only provides ribose of nucleotides production, but also
generates NADPH for macromolecular synthesis and ROS scavenger
[23]. Thus, targeting metabolism of tumor cells may be an effective way
in tumor metastasis therapy.

In the present report, we investigated the anticancer mechanism in
breast cancer of a newly synthesized flavonoid GL-V9 (5-hydroxy-8-
methoxy-7-(4-(pyrrolidin-1-yl) butoxy)− 4H-chromen-4-one). Previous
studies demonstrated that GL-V9 inhibited tumor invasion via down-
regulating the expression and activity of matrix metalloproteinase-2/9
in MDA-MB-231 and MCF-7 cell in vitro [24]. However, whether and
how GL-V9 influenced the process of metastasis in vivo was still un-
known. Herein, based on the metabolism reprogram of breast cells in
anchorage-independent growth, we investigated the mechanism that
GL-V9 inhibited the metastasis involving anoikis resistance both in vitro
and in vivo. According to our findings, GL-V9 could inhibit anchorage-
independent growth and metastasis of human breast cancer cells
through the regulation of AMPK-related glycolipid metabolism.

2. Materials and methods

2.1. Reagents

GL-V9 (C24H27NO5,(5-hydroxy-8-methoxy-2-phenyl-7-(4-(pyrro-
lidin-1-yl) butoxy)4H-chromen-4-one), MW 409.47, purity 99%) is a
new flavonoid derivative and synthesize by Prof. Zhiyu Li in our lab
[25]. GL-V9 was dissolved in dimethyl sulfoxide (DMSO, Sigma-Al-
drich, St. Louis, MO, USA), made into the parent solution with the
concentration of 0.1M, and then stored at − 80 °C. The final con-
centration is 2.5, 5, 10, 15 and 20 μM, diluted in Dulbecco's modified
Eagle medium (DMEM; GIBCO, Carlsbad, CA, USA).

Paclitaxel injection was purchased from Haikou Pharmaceutical
Factory. Dorsomorphin Dihydrochloride (Compound C, C24H27ClN5O,
MW 472.41 and purity 99.73%) was purchased from MedChem Express
and dissolved in DMSO to 5mM. N-acetyl-L-cysteine, which was from
Beyotime Biotechnology, was dissolved in water to 0.5 M and was di-
luted with DMEM to its final concentration. Etomoxir (C15H18ClNaO4,

MW 320.74 and purity 98.63%) was from MedChem Express and dis-
solved in water to 10mM. Dehydroepiandrosterone (DHEA, C19H28O2,
MW 288.42) was from Solarbio Life Sciences and dissolved in DMSO to

1M.

2.2. Cell culture

Breast cancer cells MDA-MB-231 were purchased from Cell Bank of
Shanghai Institute of Biochemistry & Cell Biology, Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in DMEM with 10%
heat-inactivated fetal bovine serum (Sijiqing, Hangzhou, China), 100
U/ml of penicillin and 100 μg of streptomycin at 37 °C with the CO2

concentration 5%. The anchorage-independent growth of MDA-MB-231
cells was performed in poly-2-hydroxyethylmethacrylate (poly-HEMA)-
coated tissue-culture dishes. PolyHEMA powder was purchased from St.
Louis, MO and dissolved to 12mg/ml in 95% ethanol. The tissue-cul-
ture dishes were coated by polyHEMA-95% ethanol solution and dried
at room temperature overnight and sterilized.

2.3. Cell morphological assessment

MDA-MB-231 cells were cultured in normal and non-adhesive poly-
HEMA-treated Petri dishes. After 24, 36 and 48 h, cells were observed
and photographed using the inverted light microscope.

2.4. Animal model

Female athymic BALB/c nude mice (6 weeks old) weighing 18–22 g
were purchased from the Academy of Military Medical Sciences of the
Chinese People's Liberation Army (Certificate No. SCXK-(Army)
2007–004). Animals were maintained at 23 °C with 55–65% humidity
in IVC cages, with proper light, food and water supply. 2× 106 of MDA-
MB-231 cells were injected into the tail vein of per female nude mice.
After 7 days, the nude mice were separated by weight into the following
groups (with 10 mice per group): (1) saline control group as negative
control, (2) 10mg/kg paclitaxel group as positive control, (3) GL-V9
7.5 mg/kg and (4) GL-V9 15mg/kg (GL-V9 was prepared into lyophi-
lized powder in the lab and dissolved in saline; paclitaxel injection were
also diluted by saline.). Treatments were done by intravenous injection
for once every three days. At the end of four weeks, mice were sacri-
ficed and the lungs were removed and monitored. Lungs were fixed in
Bouin's solution for 12 h and washed with 70% ethanol before taking
photos. Meanwhile, animals were taken good care of according to
Guide for the Care and Use of Laboratory Animals published by the
National Institute of Health, USA.

2.5. Annexin V/PI staining assay

MDA-MB-231 cells were collected and stained with Annexin V/PI
Cell Apoptosis Detection Kit (Vazyme Biotec, Nanjing, China), ac-
cording to the protocols. Data acquisition and analysis were performed
by Becton-Dickinson FACS Calibur flow cytometry and CellQuest soft-
ware. The cells stained by neither Annexin V nor PI were regarded as
survival.

2.6. ROS level determination

MDA-MB-231 cells were collected and stained with ROS Assay Kit
(Beyotime Biotechnology, Nanjing, China), in accordance with the in-
structions. After collection, cells were incubated with the dye of DCFH-
DA, which was attenuated with serum-free DMEM at a proportion of
1:1000, for 20min at 37 °C in the dark. Data acquisition and analysis
were performed by Becton-Dickinson FACS Calibur flow cytometry and
CellQuest software.

2.7. Small interfering RNA (siRNA) transient transfection

G6PD siRNA was purchased from OriGene (OriGene Technologies,
Inc., Rockville, MD, USA). The siRNAs targeting G6PD was delivered by
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a lipid-based method using Lipofectamine 2000 (Invitrogen Life
Technologies, Grand Island, NY, USA) at a final siRNA concentration of
30 μM according to previous researches [26]. After formation of the
siRNA–liposome complexes, the mixture was added to breast cancer
cells for 4 h.

2.8. Western blotting assay

MDA-MB-231 cells were cultured or administrated for 36 h and then
lyzed using lysis buffer and the total protein samples were isolated and
eluted with SDS buffer, separated by SDS-polyacrylamide gels, and
electroblotted onto PVDF membranes. The specific protein bands were
detected with Odyssey Scanning System (LI-COE Inc., Superior St.,
Lincoln, NE) according to the previous report [27]. The following are
the origins of the primary antibodies and the corresponding diluting
proportions. (1) G6PD from Abclonal Technology, 1:2000, was used to
determine the level of PPP; (2) β-actin from Santa Cruz Biotechnology,
1:2000, was used as internal reference; (3) p-ACC from Cell Signaling
Technology, 1:1000, was used to determine the phosphorylation of ACC
and the activation of AMPK; (4) CPT1A from Abclonal Technology,
1:2000, was used to determine the level of FAO; (5) PDH from Cell
Signaling Technology, 1:1000, was used to determine the level of
acetyl-CoA produced from glucose; (6) LDH from Abclonal Technology,
1:2000, was used to determine the level of glycolysis; (7) AMPK from
Abclonal Technology, 1:2000, was used to determine the expression
level of AMPK and (8) p-AMPK from Abclonal Technology, 1:2000, was
used to determine the level of AMPK activation. Western blot assays for
each protein were performed at least three times

2.9. Glucose uptake and lactic acid production determining

Cells and the medium were isolated and the medium was collected
to determine the glucose uptake and lactic production level. The two
detections were performed by the Amplex Red Glucose Assay Kit
(Invitrogen, Eugene, OR) and Lactic Acid Production Detection Kit
(KeyGen, Nanjing, China) respectively according to the instructions.
Finally samples were detected by a spectrophotometer (Thermo,
Waltham, MA). The absorbance for lactic acid production assay was at
570 nm and the fluorescence for glucose uptake assay was read at Ex./
Em.=530 nm/590 nm. The absorbance was normalized as follows:
ODnormalized =ODmeasured / living cell numbertreated × living cell num-
bercontrol. The living cells were counted by trypan blue staining of col-
lected cells.

2.10. ATP production assay

The intra-cellular ATP level was measured by ATP Assay Kit from
Beyotime Biotechnology. MDA-MB-231 cells were collected and then
lyzed by ATP releasing buffer on ice. According to the protocols, the
standard curve of the absorbance to ATP concentrations was measured.
We may then determine the ATP concentration using luminometer
Orion II (Berthold DS, Bleichstr, Pforzheim, Germany).

2.11. Acetyl-CoA production assay

The method of the measurement of acetyl-CoA level was spectro-
photometry, using acetyl-CoA Assay Kit from Solarbio Life Sciences.
MDA-MB-231 cells were firstly harvested and lyzed using lysis buffer in
the condition of ultrasound on ice. Then the supernatant was collected
to determine the content of acetyl-CoA according to the instructions
using a spectrophotometer (Thermo, Waltham, MA).

2.12. NADPH production assay

NADP/NADPH Quantification Kit was purchased from Sigma-
Aldrich. According to the protocols, extraction buffer was added to

MDA-MB-231 cells for acquiring NADP and NADPH. To detect NADPH
only, NADP should be decomposed by aliquoting the extracted samples
and heating them to 60 °C for 30min in a water bath or a heating block.
After a series of biochemistry reactions at room temperature for 1–4 h,
the absorbance was measured at 450 nm using a spectrophotometer
(Thermo, Waltham, MA).

2.13. Cell viability inhibition assay

The viability of MDA-MB-231 cells was measured using 3-[4, 5-di-
methylthiazol-2-yl]− 2, 5-diphenyltetrazolium bromide (MTT) assay.
Cells were cultured in polyHEMA-coated 6-well plate and cultured
under corresponding conditions. The formazan was dissolved in DMSO
and the absorbance was measured spectrophotometrically at 570 nm by
the Universal Microplate Reader EL800 (BIO-TEK instruments, Inc.,
Vermont, MA). The inhibition ratio was calculated as the following
formula:

− ×A A(A ) / 100%control treated control

2.14. Plasmid extraction and transient transfection

The G6PD plasmid was designed and synthesized by Vigene
Biosciences and the sequence was 5′-GAGGACTAGTTACTGTAATAGT
AATCAATTACGGGG, 3′-CCTCTACAAATGTGGTATGGC. EndoFree
Plasmid Midi Kit from CWBIO was chosen for the extraction of G6PD
plasmid. After extraction, G6PD plasmid was stored at − 80 °C. For
transfection, cells were seeded in PolyHEMA-treated 6-well plates at
65% confluency at first. Then, the plasmid DNA (1 μg) was introduced
into the cells using Lipofectamine 2000 (Invitrogen Life Technologies,
Grand Island, NY, USA) according to the manufacturer's recommenda-
tions.

2.15. Real-time PCR analysis

Total RNA was extracted using TriPure Isolation Reagent (Roche
Diagnostics, Mannheim, Germany). One microgram of total RNA was
used to transcribe the first strand cDNA with SuperScript II reverse
transcriptase (Invitrogen). Real-time PCR was completed on an ABI
PRISM Sequence Detector 7500 (PerkinElmer, Branchburg, NJ, USA)
using Sequence Detector version 1.7 software (Applied Biosystems,
Foster City, CA, USA). SYBR Green PCR Master Mix was purchased from
Applied Biosystems. Forward and reverse primers for targeted mRNA
were designed and purchased from TAKARA BiotechnologyCo., Ltd.
(Dalian, China). The primer sets used in the PCR assay were as follows;

G6PD-sense: 5′-CGAGGCCGTCACCAAGAAC;
G6PD-antisense: 5′-GTAGTGGTCGATGCGGTAGA;
GAPDH-sense: 5′-GAAGATGGTGATGGGATTTC
GAPDH-antisense: 5′-GAAGGTGAAGGTCGGAGT
Fold change of mRNA level was calculated as follows. After com-

pletion of the PCR, the baselines and thresholds were set for both
samples and internal GAPDH control.

2.16. Immunohistochemistry

The lungs were removed and stored in formalin and then sent to
MyBioScience for the make of tissue slices. The paraffin embedded
slices were firstly dipped in xylene, ethanol and water respectively for
the removal of paraffin at 60 °C. The expression of AMPK, p-ACC,
CPT1A and G6PD in the lungs of the nude mice was determined using
the primary antibodies mentioned above and the diluting proportion
was 1:500. In addition to this, all other reagents used in the experiment
were supplied by Maixin-Bio Co. (Fuzhou, China).
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2.17. Statistical

Data were presented as mean± SD from triplicate parallel experi-
ments unless otherwise indicated. Statistical analyses were performed
using one-way ANOVA.

Fig. 1. Anchorage independent growth in 3D cultures of MDA-MB-231 cells. MDA-MB-231 cells were cultured in regular dishes (attached, 2D culture), or in poly-
HEMA coated dishes (suspended, 3D culture) for various times. (A) Morphology of MDA-MB-231 cells (400×). (B) Cell survival was determined by Annexin V/PI
staining assay. (C) Quantization of cell survival rates.
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3. Results

3.1. Human breast cancer MDA-MB-231 cells own the ability of anchorage-
independent growth

In order to examine the ability of anchorage-independent growth,
human breast cancer cell line MDA-MB-231 cells were cultured in non-
adhesive poly-HEMA-treated Petri dishes. The cells were incubated for
24 h, 36 h and 48 h respectively, and then the level of detachment-in-
duced cell death was determined using Annexin V/PI staining. As
shown in Fig. 1A, cells seeded in normal tissue-culture dishes (2D ar-
chitecture) were well-adhered and exhibited spindle-shaped mor-
phology. In contrast, MDA-MB-231 cells on polyHEMA-treated dishes
(3D architecture) formed large aggregates and suspended in culture
media. The Annexin V/PI staining assay in Fig. 1B showed that de-
tachment from the extra-cellular matrix didn’t cause obvious cell death
of MDA-MB-231. The survival percentage of the attached cells at 24 h,
36 h and 48 h were 97.37%, 96.57% and 97.03%, and for the detached
cells, were 94.19%, 95.36% and 94.45%, respectively (Fig. 1C). These
results indicated that MDA-MB-231 cells exhibited the ability of an-
chorage-independent growth.

3.2. G6PD is a key controller of intra-cellular ROS level in MDA-MB-231
cells

It has been suggested that a significant advantage of aerobic gly-
colysis is the high flux of substrate to biosynthetic pathways such as
PPP. In the oxidative branch of PPP, glucose-6-phosphate dehy-
drogenase (G6PD) catalyzes the rate-limiting step, which seems to be
critical in controlling the intra-cellular ROS level. Therefore, we in-
vestigated the role of G6PD, which was the rate-limiting enzyme of
oxidative branch of PPP, in the redox balance of MDA-MB-231 cells.
Cells were cultured in normal or poly-HEMA-treated Petri dishes, re-
spectively, and administrated with the G6PD inhibitor dehydroepian-
drosterone (DHEA) for 36 h. As shown in Fig. 2A, DHEA led to a strong
increase in ROS level both in attached and suspended cells. Then we
transfected the two kind of cells with siRNA targeted G6PD (Fig. 2B).
Knockdown of G6PD concomitantly raised the intra-cellular ROS level
as well (Fig. 2C). These results indicated that G6PD is a key controller of
intra-cellular ROS level in MDA-MB-231 cells.

3.3. FAO significantly contributes to ATP production in matrix-detached
MDA-MB-231 cells

Previous research has revealed that extra-cellular matrix (ECM) can
regulate cellular metabolism, and fatty acid oxidation (FAO) plays an
important role in ATP supply in the anchorage-independent growth of
normal mammary epithelial cells MCF-10A [18]. Whether the similar

phenomenon can be observed in human breast cancer MDA-MB-231
cells? We firstly detected the changes of glycolysis after MDA-MB-231
cell were suspended. As shown in Fig. 3A, B, C and G, detached culture
caused substantial reduction in glucose uptake, lactic acid production
and ATP production, and the protein expression of lactate dehy-
drogenase (LDH) was down-regulated, suggesting that after detached
growth the glycolysis of MDA-MB-231 cells was weakened. Meanwhile,
phospho-acetyl-CoA carboxylase (p-ACC) and carnitine palmitoyl-
transferase I (CPT1A)， two key enzymes in FAO, were significantly up-
regulated after cells were suspended (Fig. 3G), indicating that detach-
ment might lead to an increase in FAO. FAO is a metabolic process
whereby fatty acids are broken down into acetyl-CoA, which is the
product of glycolysis as well, and used for tricarboxylic acid cycle
(TCA). Detachment from extra-cellular matrix caused an increase of
acetyl-CoA level (Fig. 3D). During glycolysis, pyruvate is converted into
acetyl-CoA by pyruvate dehydrogenase (PDH). Interestingly, PDH level
was down-regulated after suspension (Fig. 3G). Moreover, we assayed
the contribution of glycolysis and FAO to ATP generation in detached
MDA-MB-231 cells. MDA-MB-231 cells were treated with 2.5mM of 2-
deoxy-D-glucose (2-DG, inhibitor of HKII, rate-limiting enzyme of gly-
colysis) or 100 μM of etomoxir (inhibitor of CPT1, rate-limiting enzyme
of FAO), respectively. 2-DG lowered 12% of ATP production whereas
etomoxir lowered 40.9% (Fig. 3H). Meantime, detached MDA-MB-
231cells were cultured with low glucose culture medium or low lipid
bovine serum. The ATP production was lowered to 83.2% and 53.0%
respectively. These results suggested that it was FAO, instead of gly-
colysis, became the dominate source of acetyl-CoA in suspended cells
and contributed more to the ATP production in MDA-MB-231 cells
during anchorage-independent growth. Thus the energy metabolism
pathways tend to change from glycolysis to FAO in MDA-MB-231 cells
during anchorage-independent growth.

It was reported that the predominant energy metabolism in human
breast cancer cell were both glycolysis and OXPHOS [28]. Thus,
oxygen-dependent process containing electron transport chain would
generate amount of ROS, which might induce cell death if it exceeds a
certain threshold. On the other hand, detachment from ECM will lead to
an increase in ROS level [18]. Unexpectedly, after cultured for 36 h in
detached-dishes, MDA-MB-231 cells exhibited lower level of intra-cel-
lular ROS levels (Fig. 3E). So we speculated if there are some adaptive
changes that can keep the redox balance. As shown in Fig. 3G, after the
suspended cells were cultured for 36 h, the protein expression of G6PD
was significantly up-regulated, accompanied by increased NADPH
level, which was one of the products of PPP (Fig. 3F).

To sum up, these results demonstrated that once breast cancer cell
were detached from ECM, glucose tended to enter PPP, instead of gly-
colysis to keep the redox balance; whereas FAO compensated for the
loss of glycolysis and contributed to ATP supply. These conclusions
provide a new insight for inhibiting the anchorage-independent growth

Fig. 2. G6PD controls intra-cellular ROS level in MDA-MB-231 cells. MDA-MB-231 cells were cultured in regular dishes (attached, 2D culture), or in poly-HEMA
coated dishes (suspended, 3D culture). (A) ROS level was determined after MDA-MB-231 cells were administrated by 0.2 mM DHEA for 36 h. (B) The transfection
efficacy of G6PD siRNA. (C) ROS level was determined after cell were transfected with G6PD siRNA. *p < 0.05 and **p < 0.01 compared with control. Bars. SD.
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of metastatic breast cancer through modulating the metabolism-cou-
pled redox balance.

3.4. GL-V9 up-regulates intra-cellular ROS level, resulting in the inhibition
of anchorage-independent growth in MDA-MB-231 cells

GL-V9 was reported to be a potential candidate of anti-metastasis
drug (the chemical structure was shown in Fig. 4A). Effects of GL-V9 on
the anchorage-independent growth of MDA-MB-231 cells were de-
tected. MDA-MB-231 cells were cultured on polyHEMA-treated tissue-
dishes (3D architecture) for 36 h. MTT assay showed that GL-V9 in-
hibited the growth of suspended MDA-MB-231 cells in a concentration-
dependent manner (Fig. 4B). Treatment by Annexin V/PI staining assay,
anoikis of detached cells in a concentration-dependent manner was
observed upon the treatment of GL-V9 for 36 h, significantly inhibited
the survival of MDA-MB-231 cells (Fig. 4C). Besides, the main effect of
lower concentration GL-V9 in detached MDA-MB-231 cells was anoikis
induction, and along with the increase of GL-V9 concentration, necrosis
became the dominated effect. In previous studies, GL-V9 could trigger
mitochondrial mediated apoptosis and reverse hypoxia–drug resistance
in human hepatocellular carcinoma, which were both involved in the
regulation of redox homeostasis [29,30]. Here, we observed that GL-V9
effectively increased the level of intra-cellular ROS in suspended MDA-
MB-231 cells (Fig. 4D). In order to ensure whether the elevated-ROS
contributed to GL-V9-induced inhibition of the anchorage-independent
growth in MDA-MB-231 cells, we administrated cells with GL-V9 in the
presence of an ROS scavenger, N-acetyl-L-cysteine (NAC). As shown in
Fig. 4E and F, treatment of 10mM NAC alone lowered the ROS level
and had little effect on the survival of MDA-MB-231 cells. Then when
MDA-MB-231 cells were treated with 10 μM GL-V9 and 10mM NAC
together, the increase of ROS induced by GL-V9 alone was reversed
(Fig. 4G). Moreover, MTT assay and Annexin V/PI staining assay
showed that the viability and the inhibition of survival in MDA-MB-231
cells by GL-V9 were diluted by NAC (Fig. 4H and I). These results in-
dicated that GL-V9 can suppress the anchorage-independent growth of
MDA-MB-231 cells through increasing ROS level.

3.5. GL-V9 increases ROS level through breaking the balance between PPP
and FAO in MDA-MB-231 cells

As mentioned above, the reprogramming energy metabolism,
mainly PPP and FAO, is beneficial to keep the redox balance. Therefore,
we investigated whether the increased ROS level by GL-V9 in sus-
pended breast cancer cells is associated with the imbalance between
PPP and FAO. Western blot analysis showed that GL-V9 decreased the
protein level of G6PD, whereas increased the protein level of p-ACC and
CPT1A in suspended MDA-MB-231 cells (Fig. 5A). Meanwhile, upon GL-
V9 treatment, the production of NADPH was significantly decreased
(Fig. 5B). We speculated that GL-V9 increased the level of FAO and
decreased the level of PPP in suspended MDA-MB-231 cells.

To determine the effect that FAO contributed to the efficacy of GL-
V9, suspended MDA-MB-231 cells were treated with etomoxir, which
inhibited the transport of fatty acid into mitochondria as well as the
activity of CPT1A. As shown in Fig. 5C, 100 μM of etomoxir was proved
to have no effect on the survival of MDA-MB-231 cells. Then, we
compared the cell growth inhibitory effect between incubation with GL-
V9 alone and incubation with a combination of GL-V9 and etomoxir.
After MDA-MB-231 cells were administrated for 36 h, Annexin V/PI
staining assay showed that 100 μM of etomoxir could partially relieve
the damage of GL-V9 on MDA-MB-231 cells (Fig. 5D). Also, in MTT
assay, the inhibition of GL-V9 to MDA-MB-231 cells was weakened by
100 μM of etomoxir (Fig. 5E). Moreover, co-administration lightened
the increased ROS level induced by GL-V9 (Fig. 5F). These results in-
dicated that GL-V9 increased ROS level and inhibited anchorage-in-
dependent growth partly through promoting FAO in MDA-MB-231
cells. On the other hand, we also detected the influence of GL-V9 in
PPP. G6PD plasmid was transferred into suspended MDA-MB-231 cells
(Fig. 5G). Annexin V/PI staining assay, MTT assay exhibited that over-
expression of G6PD weakened the inhibitory effect of GL-V9 in an-
chorage-independent growth (Fig. 5H and I), and reduced the ROS level
increased by GL-V9 (Fig. 5J). All above, these data supported that GL-
V9 increased ROS level through evoking the imbalance of glycolipid
metabolism, leading to the inhibition of anchorage-independent growth
of MDA-MB-231 cells.

Fig. 3. The glycolipid metabolism of MDA-MB-231 cells after detached cultured. MDA-MB-231 cells were cultured in regular dishes (attached, 2D culture), or in poly-
HEMA coated dishes (suspended, 3D culture) for 36 h. (A) The glucose uptake, (B) the lactic acid production, (C) the ATP generation, (D) the acetyl-CoA production,
and (E) the relative ROS level of cells in 2D and 3D cultures were measured respectively. (G) The total proteins were extracted in 2D and 3D cultures. Western blotting
assay was carried out to determine the expression of LDH, p-ACC, CPT1A, PDH and G6PD, with actin as the internal control. (H) ATP generation of MDA-MB-231 cells
was detected. Detached MDA-MB-231 cells were treated with 2.5 mM of 2-deoxy-glucose or 100 μM of etomoxir for 36 h. Or cells were cultured with, low glucose
culture medium or low lipid bovine serum. *p < 0.05 and **p < 0.01 compared with control. Bars. SD.
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3.6. GL-V9 increases the expression and activity of AMPK to reprogram the
glycolipid metabolism of MDA-MB-231 cells

A critical regulator of FAO efficacy is AMPK, the activation of which
leads to the phosphorylation and inhibition of ACC. ACC can produce
malonyl-CoA and inhibit FAO by decreasing CPT1A expression [31].
Herein, an inhibitor of AMPK, dorsomorphin dihydrochloride (com-
pound C), was adopted. As shown in Fig. 6A and B, 2 μM of compound C
for 36 h decreased the protein level of p-AMPK, which is the activated
form of AMPK, whereas had no effect on AMPK and the survival of
suspended MDA-MB-231 cells. As shown in Fig. 6C, GL-V9 treatment for
36 h increased the protein level of AMPK and CPT1A, as well as the
phosphorylation of ACC. And co-administration of GL-V9 with com-
pound C down-regulated the protein level of p-ACC and CPT1A. Thus,
GL-V9 decreased ACC-CPT1A pathway by AMPK, resulting the increase
of CPT1A expression and FAO level. It was reported that AMPK was an
inhibitor of G6PD via inhibiting the accumulation of G6PD mRNA [32].
Therefore, we examined if GL-V9 inhibited the expression of G6PD

through AMPK-G6PD signaling pathway. RT-PCR and western blot
assay showed that GL-V9 down-regulated the mRNA level and protein
level of G6PD, and compound C could partly reverse the effects of GL-
V9 (Fig. 6D and E). Moreover, the level of the decreased NADPH caused
by GL-V9 was elevated after incubation with GL-V9 and compound C
together (Fig. 6F). These results demonstrated that GL-V9 inhibited PPP
through the AMPK-mediated transcriptional regulation of G6PD.

Given that AMPK played an important role in the regulation of GL-
V9 on PPP and FAO, we wondered whether GL-V9 inhibited the an-
chorage-independent growth of MDA-MB-231 cells through AMPK
signaling pathway. In further studies, we found that compound C re-
stored the increased level of ROS (Fig. 6G), and weakened the inhibi-
tion of anchorage-independent growth caused by GL-V9 (Fig. 6H and I).
In conclusion, GL-V9 increased the expression and activation of AMPK,
resulting in the reprogramming of FAO and PPP, the elevation of ROS
level, and ultimately the inhibition of anchorage-independent growth in
MDA-MB-231 cells.

Fig. 4. GL-V9 increases the ROS level and inhibits anchorage-independent growth of MDA-MB-231 cells. (A) Chemical structure of GL-V9. (B-D) MDA-MB-231 cells
were cultured in poly-HEMA coated dishes and treated with GL-V9 for 36 h. (B) Cell viability was determined by MTT assay. (C) Cell survival was determined by
Annexin V/PI staining assay and the survival rates were quantified. (D) ROS level was determined using flow cytometry. (E, F) MDA-MB-231 cells were cultured in
poly-HEMA coated dishes and treated with NAC for 36 h. The ROS level (E) and cell survival (F) were measured. (G-I) MDA-MB-231 cells were cultured in poly-HEMA
coated dishes and treated with 10 µM GL-V9 in the present of 10mM NAC for 36 h. The relative ROS level (G), the inhibition rates of cell growth (H), and the survival
rates (I) were determined, respectively. *p < 0.05 and **p < 0.01 compared with control (C-E) or the GL-V9 treated without NAC treatment group (G-I). Bars. SD.
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3.7. GL-V9 suppresses the anchorage-independent growth and metastasis of
MDA-MB-231 cells in vivo

The anti-anchorage-independent growth and anti-metastatic effects
of GL-V9 were further assessed with lung-metastasis model in vivo. To
address the efficacy,we recorded the nodules formed on the lungs of the
mice. As is shown in Fig. 7A, after 4-week administration of GL-V9 or
paclitaxel, the numbers of the nodules significantly reduced. Hema-
toxylin and eosin staining showed that the lungs in the saline treatment
group were focally infiltrated with cells, the shape of which were large,
with the nucleuses round, oval or spindle, and the pathological mitotic
nucleuses were visible (Fig. 7B). These cells were regarded as tumor
nodules. However, after paclitaxel and GL-V9 treatment, little cell in-
filtration was visible (Fig. 7B). According to the degree of the lesion,
scores were carried out in different sections and the total scores were
the sum of each section. The higher scores were given, the more serious
the lesion was (Fig. 7C). Although paclitaxel seemed to form fewer cell
mass infiltrations, it caused vascular injury and alveolar collapse
compared with GL-V9. Considering all these aspects, GL-V9 exhibited
lower injury degrees. Immunohistochemistry for the expression of
AMPK, p-ACC, CPT1A and G6PD were stained in the nodules formed in
the lungs of each group. As shown in Fig. 7D, GL-V9 increased the
protein level of AMPK, p-ACC and CPT1A, whereas the expression of
G6PD was inhibited, which was consistent with our results in vitro.
These results illustrated that GL-V9 can inhibit the anchorage-in-
dependent growth and metastasis of MDA-MB-231 cells in vivo.

4. Discussion

A considerable number of breast cancer deaths, especially TNBCs
are due to metastasis. Tumor metastasis can be divided into three steps:
(1) Undergoing epithelial to mesenchymal transition (EMT) and getting
access to vascular and stroma; (2) Traveling through the circulatory
system such as blood and lymphatic vessels; (3) Lodging in ectopic sites
and forming metastatic lesion in host organs [21]. In this study, we
focused on the second step of breast cancer metastasis, investigate the
glycolipid metabolism reprogram of MDA-MB-231 cells in the condition
of anchorage independent growth. We found that detached breast
cancer cells generate ATP through FAO, whereas glucose was used for
PPP to scavenge excessive ROS. Meanwhile, the flavonoid GL-V9 could
lead to the decrease of G6PD as well as the increase of p-ACC and
CPT1A through promoting the expression and activity of AMPK, leading
to the imbalance the redox level and ultimately inhibit anchorage

independent growth (Fig. 8).
The origin of ‘anoikis’ is a Greek word which means homeless [33].

The inhibition of anchorage independent growth seems to be a critical
step in the inhibition of tumor metastasis. Once cancer cells get access
to the extracellular stroma and enter circulatory system, it means that
the tumor progression reaches the middle or advanced stage and it can
be a lethal threat. Anoikis can be regarded as a special form of apoptosis
despite its name and definition. Like apoptosis, anoikis can be initiated
through intrinsic pathway (related to mitochondria) and extrinsic
pathway (related to death receptors) [13]. Recently, another cell death
manner of ECM-detached growth, named entosis, has been raised.
During entosis, cell invaded into a neighbouring cell and was de-
gradated in lysosome [34]. However, some internalized cells can re-
main their viability and be released ultimately. In cancer cells, the
ability of anchorage independent growth is due to several mechanisms,
including in the changes in integrin, the influence of EMT, pro-survival
signal, metabolism reprogram and so on [11]. It has been reported that
cancer cells can exploit autophagy to overcome the disadvantages in the
progress of detachment [35,36]. In our studies, we found that MDA-MB-
231 cells exhibited metabolism reprogram upon suspended-culture (3D
architecture), similar to normal breast epithelial MCF-10A cells. During
anchorage independent growth, the glycolysis of MDA-MB-231 cells
was lowered, whereas the fatty acid oxidation became the primary
route of acetyl-CoA for ATP supply through OXPHOS. Notably, the
glucose mostly entered PPP to resist high level of ROS, which was
mainly from OXPHOS, and keep the redox balance.

AMPK plays critical roles in regulating growth and reprogramming
metabolism via transcription and direct effects on metabolic enzymes,
such as ACC, G6PD and HMG-CoA reductase [37]. However, the direct
effects of AMPK on CPT1A were rarely reported. Most studies showed
that AMPK regulated CPT1A through ACC-related mitochondrial bio-
genesis pathway. When ACC was phosphorylated, its activity could be
inhibited, leading to a decrease in malonyl CoA accumulation and an
increase in CPT1A levels [31,38]. Our research revealed that GL-V9
inhibited the anchorage independent growth in MDA-MB-231 cells by
up-regulating the expression and activity of AMPK, which reduced the
PPP level and enhanced the FAO level, resulting in the imbalance of
ROS eliminate and production and strong oxidative stress. Some other
studies have shown that chronic stimulation (40 weeks) of AMPK ac-
tivation is associated with an increase in lipogenesis. However, GL-V9
was the derivative of natural flavonoids, which usually work through
multiple paths and was different with the specific AMPK activator.
Latest reviews have reported that flavonoids can prevent obesity and

Fig. 5. GL-V9 induced glycolipid metabolism reprogram is responsible for the inhibition of anchorage-independent growth in MDA-MB-231 cells. MDA-MB-231 cells
were cultured in poly-HEMA coated dishes. (A) Western blotting assay was carried out to determine the expression of p-ACC, CPT1A and G6PD, with actin as the
internal control. (B) NADPH production was determined upon GL-V9 treatment. (C) Cell survival upon 100 µM etomoxir treatment was measured and the survival
rates were quantified. (D-F) MDA-MB-231 cells were treated with 10 µM in the present of 100 µM etomoxir for 36 h. (D)The survival rates, (E) the inhibition rates of
cell growth, and (F) the ROS level were assayed, respectively. (G-J) MDA-MB-231 cells were cultured in poly-HEMA coated dishes, transfected with G6PD plasmids
and then treated with 10 µM GL-V9 for 36 h. (G)The transfection efficacy of G6PD plasmids was detected by western blotting assay. The plasmids were His-labeled.
(H) The survival rates, (I) the inhibition rates of cell growth and (J) the ROS level were determined. *p < 0.05 and **p < 0.01 compared with control or the
referred group. Bars. SD.
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Fig. 6. GL-V9 regulates glycolipid metabolism via increasing the expression and activity of AMPK. MDA-MB-231 cells were cultured in poly-HEMA coated dishes and
treated with Compound C or GL-V9 for 36 h. (A) The expression of AMPK and p-AMPK in Compound C treated cells were assayed by Western blotting. (B) Cell
survival upon Compound C treatment was determined (C) The expression of AMPK in GL-V9 treated cells, and the expression of p-ACC, CPT1A and G6PD in cells co-
treated with GL-V9 and Compound C were measured. (D) The relative G6PD RNA content was analyzed after GL-V9 treatment with GAPDH as an internal control. (E-
I) Cell were co-treated with 10 µM GL-V9 and 2 µM Compound C for 36 h. (E) The relative G6PD RNA content, (F) the NADPH production, (G) the relative ROS level,
(H) the inhibition rates of cell growth, and (I) the survival rates were assayed, respectively. *p < 0.05 and **p < 0.01 compared with control or the referred group.
Bars. SD.
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Fig. 7. The anti-metastasis effects of GL-V9 in vivo. (A) The nodules formed on the lungs were photographed. (B) The cells in the nodules were detected by
hematoxylin and eosin staining (400×). (C) Scores were carried out according to the degree of the lesion. (D) Immunohistochemical detection of AMPK, p-ACC,
CPT1A and G6PD level in nodules (400×).
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regulate lipid metabolism, such as licorice, fisetin and so on [39–42].
Besides, our previous studies showed that GL-V9 and its potentially
maintain the normal body metabolic balance, inhibit lipogenesis and
modify abnormal metabolism [43,44]. It was reported that there were
close relationships between AMPK, ROS and necrosis. Inhibition of
AMPK activation resulted in reduction of necrosis and ROS production
[45]. In our studies, GL-V9 could activate AMPK and induce necrosis
under high concentration, which was in correspondence with previous
report.

Intracellular lipid metabolism is regulated by a complex network.
One of the hallmarks of cancer cell metabolism reprogram is increased
fatty acid synthesis, which plays a central role in carcinogenesis and
tumor development. Our previous research has proved that free fatty
acid promoted the growth and development of human colon cancer
through activating Wnt/β-catenin pathway, and natural flavonoid or-
oxylin A, which contains the same nuclear structure with GL-V9, could
inhibit the transport and synthesis of fatty acid and suppress the colon
cancer growth [43]. Recently, obesity and adverse breast cancer risk
and outcome have been reviewed in a newly published article, in-
dicating that obesity is associated with higher risk of breast cancer and
worse disease outcome [3]. Therefore, focusing on obesity and lipid
metabolism might provide a new insight into therapy for breast cancer.
PPP branches started from glucose-6-phosphate can be divided into two
branches, the oxidative branch and the non-oxidative branch. The
nonoxidative branch consists of several reversible reactions and pro-
duces different glycolytic intermediates, which may convert into ribose.
Compared with the nonoxidative branch, the oxidative branch produces
not only intermediates for ribose synthesis but also NADPH. NADPH
acts as an important intracellular ROS scavenger for it can transfer
GSSH into the reduced form, GSH. Also NADPH is consumed in lipid
synthesis to deliver hydrogen. G6PD catalyzes the first step, which is
also the rate limit step of the oxidative branch PPP, so its expression
and activity should be strengthened. GL-V9 can increase the in-
tracellular ROS level. On one hand, the mRNA and protein expression of
G6PD was suppressed. On the other hand, FAO and OXPHOS were
promoted. Researches have mentioned that the decrease of PPP might
increase FAO and reduced lipogenesis was indicated by reduced G6PD
activities [46,47]. Therefore more theoretical supports are needed to
prove whether GL-V9 could affect the inherent connection of PPP and
FAO.

To date, the mostly recommended treatment for TNBCs is surgery

and radiotherapy [48–50]. Also, chemotherapy is another optional
method. In clinical, taxanes combined with anthracycline drugs and
platinum are mainly adopted [51,52]. According to the researches of
gemcitabine on advanced breast cancer, co-administration of gemcita-
bine and platinum is one of the main clinical choices in many countries
[53,54]. However, these traditional treatments may cause severe ad-
verse effects such as high blood pressure, neutropenia and even drug
resistances. According to our research, GL-V9 exhibited an effective
anti-metastasis effect and no significant toxicity was investigated in
accordance with our previous study [29]. This paper indicated a novel
regulating mechanism of redox homeostasis involving with glycolipid
metabolism, and provided a potential candidate for the therapy of
metastatic breast cancer.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81503097, 81673461), the National Science
and Technology Major Project (No. 2017ZX09301014,
2017ZX09101003-003-007), Program for Changjiang Scholars and
Innovative Research Team in University (IRT1193), the Open Project of
State Key Laboratory Cultivation Base for TCM Quality and Efficacy,
Nanjing University of Chinese Medicine (No.TCMQ&E201704), Natural
Science Foundation of Jiangsu Province (No. BK20151443), and
Outstanding Young teacher sponsored by Qing Lan Project in Jiangsu
Province.

Conflict of interest

The authors declare no conflicts of interest.

References

[1] C.E. DeSantis, J. Ma, A. Goding Sauer, L.A. Newman, A. Jemal, Breast cancer sta-
tistics, 2017, racial disparity in mortality by state, CA Cancer J. Clin. 67 (2017)
439–448.

[2] R. Zheng, H. Zeng, S. Zhang, W. Chen, Estimates of cancer incidence and mortality
in China, 2013, Chin. J. Cancer 36 (2017) 66.

[3] M. Picon-Ruiz, C. Morata-Tarifa, J.J. Valle-Goffin, E.R. Friedman, J.M. Slingerland,
Obesity and adverse breast cancer risk and outcome: mechanistic insights and
strategies for intervention, CA Cancer J. Clin. 67 (2017) 378–397.

[4] M. Pierobon, C.L. Frankenfeld, Obesity as a risk factor for triple-negative breast
cancers: a systematic review and meta-analysis, Breast Cancer Res. Treat. 137

Fig. 8. Schematic diagram of GL-V9-induced anchorage
independent growth inhibition of breast cancer via re-
programming AMPK-related glycolipid. Detached breast
cancer cells generated ATP through FAO, and glucose was
used for PPP to scavenge excessive ROS. GL-V9 led to the
decrease of G6PD as well as the increase of p-ACC and
CPT1A through promoting the expression and activity of
AMPK. Thus the redox homeostasis was imbalanced and
resulted in the anchorage independent growth inhibition.

L. Yang et al. Redox Biology 17 (2018) 180–191

190

http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref1
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref1
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref1
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref2
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref2
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref3
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref3
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref3
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref4
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref4


(2013) 307–314.
[5] R. Dent, M. Trudeau, K.I. Pritchard, W.M. Hanna, H.K. Kahn, C.A. Sawka,

L.A. Lickley, E. Rawlinson, P. Sun, S.A. Narod, Triple-negative breast cancer: clin-
ical features and patterns of recurrence, Clin. Cancer Res. 13 (2007) 4429–4434.

[6] N. Sethi, Y. Kang, Unravelling the complexity of metastasis - molecular under-
standing and targeted therapies, Nat. Rev. Cancer 11 (2011) 735–748.

[7] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646–674.

[8] M. Yilmaz, G. Christofori, EMT, the cytoskeleton, and cancer cell invasion, Cancer
Metastas-. Rev. 28 (2009) 15–33.

[9] C.L. Buchheit, K.J. Weigel, Z.T. Schafer, Cancer cell survival during detachment
from the ECM: multiple barriers to tumour progression, Nat. Rev. Cancer 14 (2014)
632–641.

[10] S.M. Frisch, R.A. Screaton, Anoikis mechanisms, Curr. Opin. Cell Biol. 13 (2001)
555–562.

[11] P. Paoli, E. Giannoni, P. Chiarugi, Anoikis molecular pathways and its role in cancer
progression, Biochim. Biophys. Acta 1833 (2013) 3481–3498.

[12] M.L. Taddei, E. Giannoni, T. Fiaschi, P. Chiarugi, Anoikis: an emerging hallmark in
health and diseases, J. Pathol. 226 (2012) 380–393.

[13] P. Chiarugi, E. Giannoni, Anoikis: a necessary death program for anchorage-de-
pendent cells, Biochem. Pharmacol. 76 (2008) 1352–1364.

[14] E. Giannoni, F. Buricchi, G. Raugei, G. Ramponi, P. Chiarugi, Intracellular reactive
oxygen species activate Src tyrosine kinase during cell adhesion and anchorage-
dependent cell growth, Mol. Cell. Biol. 25 (2005) 6391–6403.

[15] J.L. Boerner, M.L. Demory, C. Silva, S.J. Parsons, Phosphorylation of Y845 on the
epidermal growth factor receptor mediates binding to the mitochondrial protein
cytochrome c oxidase subunit II, Mol. Cell. Biol. 24 (2004) 7059–7071.

[16] E. Giannoni, F. Buricchi, G. Grimaldi, M. Parri, F. Cialdai, M.L. Taddei, G. Raugei,
G. Ramponi, P. Chiarugi, Redox regulation of anoikis: reactive oxygen species as
essential mediators of cell survival, Cell Death Differ. 15 (2008) 867–878.

[17] E. Giannoni, T. Fiaschi, G. Ramponi, P. Chiarugi, Redox regulation of anoikis re-
sistance of metastatic prostate cancer cells: key role for Src and EGFR-mediated pro-
survival signals, Oncogene 28 (2009) 2074–2086.

[18] Z.T. Schafer, A.R. Grassian, L. Song, Z. Jiang, Z. Gerhart-Hines, H.Y. Irie, S. Gao,
P. Puigserver, J.S. Brugge, Antioxidant and oncogene rescue of metabolic defects
caused by loss of matrix attachment, Nature 461 (2009) 109–113.

[19] C.A. Davison, S.M. Durbin, M.R. Thau, V.R. Zellmer, S.E. Chapman, J. Diener,
C. Wathen, W.M. Leevy, Z.T. Schafer, Antioxidant enzymes mediate survival of
breast cancer cells deprived of extracellular matrix, Cancer Res. 73 (2013)
3704–3715.

[20] B.T. Oronsky, N. Oronsky, G.R. Fanger, C.W. Parker, S.Z. Caroen, M. Lybeck,
J.J. Scicinski, Follow the ATP: tumor energy production: a perspective, Anticancer
Agents Med. Chem. 14 (2014) 1187–1198.

[21] R.J. Gillies, I. Robey, R.A. Gatenby, Causes and consequences of increased glucose
metabolism of cancers, J. Nucl. Med. 49 (Suppl 2) (2008) 24S–42S.

[22] C. Riganti, E. Gazzano, M. Polimeni, E. Aldieri, D. Ghigo, The pentose phosphate
pathway: an antioxidant defense and a crossroad in tumor cell fate, Free Radic. Biol.
Med. 53 (2012) 421–436.

[23] R.A. Cairns, I.S. Harris, T.W. Mak, Regulation of cancer cell metabolism, Nat. Rev.
Cancer 11 (2011) 85–95.

[24] L. Li, P. Chen, Y. Ling, X. Song, Z. Lu, Q. He, Z. Li, N. Lu, Q. Guo, Inhibitory effects
of GL-V9 on the invasion of human breast carcinoma cells by downregulating the
expression and activity of matrix metalloproteinase-2/9, Eur. J. Pharm. Sci. 43
(2011) 393–399.

[25] Y. Zhao, Y. Sun, Y. Ding, X. Wang, Y. Zhou, W. Li, S. Huang, Z. Li, L. Kong, Q. Guo,
N. Lu, GL-V9, a new synthetic flavonoid derivative, ameliorates DSS-induced colitis
against oxidative stress by up-regulating Trx-1 expression via activation of AMPK/
FOXO3a pathway, Oncotarget 6 (2015) 26291–26307.

[26] L. Wei, Y. Zhou, C. Qiao, T. Ni, Z. Li, Q. You, Q. Guo, N. Lu, Oroxylin A inhibits
glycolysis-dependent proliferation of human breast cancer via promoting SIRT3-
mediated SOD2 transcription and HIF1alpha destabilization, Cell Death Dis. 6
(2015) e1714.

[27] L. Zhao, Q.L. Guo, Q.D. You, Z.Q. Wu, H.Y. Gu, Gambogic acid induces apoptosis
and regulates expressions of Bax and Bcl-2 protein in human gastric carcinoma
MGC-803 cells, Biol. Pharm. Bull. 27 (2004) 998–1003.

[28] R. Moreno-Sanchez, S. Rodriguez-Enriquez, A. Marin-Hernandez, E. Saavedra,
Energy metabolism in tumor cells, FEBS J. 274 (2007) 1393–1418.

[29] L. Zhao, W. Li, Y. Zhou, Y. Zhang, S. Huang, X. Xu, Z. Li, Q. Guo, The overexpression
and nuclear translocation of Trx-1 during hypoxia confers on HepG2 cells resistance
to DDP, and GL-V9 reverses the resistance by suppressing the Trx-1/Ref-1 axis, Free
Radic. Biol. Med. 82 (2015) 29–41.

[30] L. Li, N. Lu, Q. Dai, L. Wei, Q. Zhao, Z. Li, Q. He, Y. Dai, Q. Guo, GL-V9, a newly
synthetic flavonoid derivative, induces mitochondrial-mediated apoptosis and G2/
M cell cycle arrest in human hepatocellular carcinoma HepG2 cells, Eur. J.
Pharmacol. 670 (2011) 13–21.

[31] M.K. Kim, S.H. Kim, H.S. Yu, H.G. Park, U.G. Kang, Y.M. Ahn, Y.S. Kim, The effect of
clozapine on the AMPK-ACC-CPT1 pathway in the rat frontal cortex, Int. J.
Neuropsychopharmacol. 15 (2012) 907–917.

[32] A.B. Kohan, I. Talukdar, C.M. Walsh, L.M. Salati, A role for AMPK in the inhibition
of glucose-6-phosphate dehydrogenase by polyunsaturated fatty acids, Biochem.
Biophys. Res. Commun. 388 (2009) 117–121.

[33] S.M. Frisch, H. Francis, Disruption of epithelial cell-matrix interactions induces
apoptosis, J. Cell Biol. 124 (1994) 619–626.

[34] O. Florey, S.E. Kim, C.P. Sandoval, C.M. Haynes, M. Overholtzer, Autophagy ma-
chinery mediates macroendocytic processing and entotic cell death by targeting
single membranes, Nat. Cell Biol. 13 (2011) 1335–1343.

[35] P. Boya, R.A. Gonzalez-Polo, N. Casares, J.L. Perfettini, P. Dessen, N. Larochette,
D. Metivier, D. Meley, S. Souquere, T. Yoshimori, G. Pierron, P. Codogno,
G. Kroemer, Inhibition of macroautophagy triggers apoptosis, Mol. Cell. Biol. 25
(2005) 1025–1040.

[36] M.S. Sosa, P. Bragado, J. Debnath, J.A. Aguirre-Ghiso, Regulation of tumor cell
dormancy by tissue microenvironments and autophagy, Adv. Exp. Med. Biol. 734
(2013) 73–89.

[37] M.M. Mihaylova, R.J. Shaw, The AMPK signalling pathway coordinates cell growth,
autophagy and metabolism, Nat. Cell Biol. 13 (2011) 1016–1023.

[38] G.V. Ronnett, A.M. Kleman, E.K. Kim, L.E. Landree, Y. Tu, Fatty acid metabolism,
the central nervous system, and feeding, Obes. (Silver Spring) 14 (Suppl 5) (2006)
201S–207S.

[39] A. Luis, F. Domingues, L. Pereira, Metabolic changes after licorice consumption: a
systematic review with meta-analysis and trial sequential analysis of clinical trials,
Phytomedicine 39 (2018) 17–24.

[40] D. Kashyap, A. Sharma, K. Sak, H.S. Tuli, H.S. Buttar, A. Bishayee, Fisetin: a
bioactive phytochemical with potential for cancer prevention and pharma-
cotherapy, Life Sci. 194 (2018) 75–87.

[41] P. Dostalek, M. Karabin, L. Jelinek, Hop Phytochemicals and Their Potential Role in
Metabolic Syndrome Prevention and Therapy, Molecules 22 (2017).

[42] Y.M. Lee, Y. Yoon, H. Yoon, H.M. Park, S. Song, K.J. Yeum, Dietary Anthocyanins
against Obesity and Inflammation, Nutrients 9 (2017).

[43] T. Ni, Z. He, Y. Dai, J. Yao, Q. Guo, L. Wei, Oroxylin A suppresses the development
and growth of colorectal cancer through reprogram of HIF1alpha-modulated fatty
acid metabolism, Cell Death Dis. 8 (2017) e2865.

[44] Y. Zhao, Q. Guo, K. Zhao, Y. Zhou, W. Li, C. Pan, L. Qiang, Z. Li, N. Lu, Small
molecule GL-V9 protects against colitis-associated colorectal cancer by limiting
NLRP3 inflammasome through autophagy, Oncoimmunology 7 (2017) e1375640.

[45] C. Zhao, J. Fang, C. Li, M. Zhang, Connexin43 and AMPK Have Essential Role in
Resistance to Oxidative Stress Induced Necrosis, Biomed. Res. Int. 2017 (2017)
3962173.

[46] Y. Chen, Q. Xu, D. Ji, Y. Wei, H. Chen, T. Li, B. Wan, L. Yuan, R. Huang, G. Chen,
Inhibition of pentose phosphate pathway suppresses acute myelogenous leukemia,
Tumour Biol. 37 (2016) 6027–6034.

[47] J.L. Zheng, Z. Luo, W. Hu, Y.X. Pan, M.Q. Zhuo, Dietary fenofibrate reduces hepatic
lipid deposition by regulating lipid metabolism in yellow catfish Pelteobagrus ful-
vidraco exposed to waterborne Zn, Lipids 50 (2015) 417–426.

[48] L.T. Steward, F. Gao, M.A. Taylor, J.A. Margenthaler, Impact of radiation therapy
on survival in patients with triple-negative breast cancer, Oncol. Lett. 7 (2014)
548–552.

[49] K.D. Voduc, M.C. Cheang, S. Tyldesley, K. Gelmon, T.O. Nielsen, H. Kennecke,
Breast cancer subtypes and the risk of local and regional relapse, J. Clin. Oncol. 28
(2010) 1684–1691.

[50] A.E. Dragun, J. Pan, S.N. Rai, B. Kruse, D. Jain, Locoregional recurrence in patients
with triple-negative breast cancer: preliminary results of a single institution study,
Am. J. Clin. Oncol. 34 (2011) 231–237.

[51] R. Rouzier, C.M. Perou, W.F. Symmans, N. Ibrahim, M. Cristofanilli, K. Anderson,
K.R. Hess, J. Stec, M. Ayers, P. Wagner, P. Morandi, C. Fan, I. Rabiul, J.S. Ross,
G.N. Hortobagyi, L. Pusztai, Breast cancer molecular subtypes respond differently to
preoperative chemotherapy, Clin. Cancer Res. 11 (2005) 5678–5685.

[52] R. Yerushalmi, M.M. Hayes, K.A. Gelmon, S. Chia, C. Bajdik, B. Norris, C. Speers,
P. Hassell, S.E. O'Reilly, S. Allan, T.N. Shenkier, A phase II trial of a neoadjuvant
platinum regimen for locally advanced breast cancer: pathologic response, long-
term follow-up, and correlation with biomarkers, Clin. Breast Cancer 9 (2009)
166–172.

[53] L. Carey, Old drugs, new tricks for triple-negative breast cancer, Lancet Oncol. 16
(2015) 357–359.

[54] Y.H. Park, K.H. Jung, S.A. Im, J.H. Sohn, J. Ro, J.H. Ahn, S.B. Kim, B.H. Nam,
D.Y. Oh, S.W. Han, S. Lee, I.H. Park, K.S. Lee, J.H. Kim, S.Y. Kang, M.H. Lee,
H.S. Park, J.S. Ahn, Y.H. Im, Phase III, multicenter, randomized trial of main-
tenance chemotherapy versus observation in patients with metastatic breast cancer
after achieving disease control with six cycles of gemcitabine plus paclitaxel as first-
line chemotherapy: KCSG-BR07-02, J. Clin. Oncol. 31 (2013) 1732–1739.

L. Yang et al. Redox Biology 17 (2018) 180–191

191

http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref4
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref5
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref5
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref5
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref6
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref6
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref7
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref7
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref8
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref8
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref9
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref9
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref9
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref10
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref10
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref11
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref11
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref12
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref12
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref13
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref13
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref14
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref14
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref14
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref15
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref15
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref15
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref16
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref16
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref16
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref17
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref17
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref17
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref18
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref18
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref18
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref19
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref19
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref19
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref19
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref20
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref20
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref20
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref21
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref21
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref22
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref22
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref22
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref23
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref23
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref24
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref24
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref24
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref24
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref25
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref25
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref25
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref25
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref26
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref26
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref26
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref26
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref27
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref27
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref27
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref28
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref28
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref29
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref29
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref29
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref29
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref30
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref30
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref30
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref30
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref31
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref31
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref31
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref32
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref32
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref32
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref33
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref33
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref34
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref34
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref34
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref35
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref35
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref35
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref35
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref36
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref36
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref36
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref37
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref37
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref38
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref38
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref38
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref39
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref39
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref39
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref40
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref40
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref40
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref41
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref41
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref42
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref42
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref43
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref43
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref43
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref44
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref44
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref44
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref45
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref45
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref45
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref46
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref46
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref46
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref47
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref47
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref47
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref48
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref48
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref48
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref49
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref49
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref49
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref50
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref50
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref50
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref51
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref51
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref51
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref51
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref52
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref52
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref52
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref52
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref52
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref53
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref53
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54
http://refhub.elsevier.com/S2213-2317(18)30114-9/sbref54

	Regulation of AMPK-related glycolipid metabolism imbalances redox homeostasis and inhibits anchorage independent growth in human breast cancer cells
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Cell morphological assessment
	Animal model
	Annexin V/PI staining assay
	ROS level determination
	Small interfering RNA (siRNA) transient transfection
	Western blotting assay
	Glucose uptake and lactic acid production determining
	ATP production assay
	Acetyl-CoA production assay
	NADPH production assay
	Cell viability inhibition assay
	Plasmid extraction and transient transfection
	Real-time PCR analysis
	Immunohistochemistry
	Statistical

	Results
	Human breast cancer MDA-MB-231 cells own the ability of anchorage-independent growth
	G6PD is a key controller of intra-cellular ROS level in MDA-MB-231 cells
	FAO significantly contributes to ATP production in matrix-detached MDA-MB-231 cells
	GL-V9 up-regulates intra-cellular ROS level, resulting in the inhibition of anchorage-independent growth in MDA-MB-231 cells
	GL-V9 increases ROS level through breaking the balance between PPP and FAO in MDA-MB-231 cells
	GL-V9 increases the expression and activity of AMPK to reprogram the glycolipid metabolism of MDA-MB-231 cells
	GL-V9 suppresses the anchorage-independent growth and metastasis of MDA-MB-231 cells in vivo

	Discussion
	Acknowledgments
	Conflict of interest
	References




