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ABSTRACT

Human triple-negative breast cancer (TNBC) is the most aggressive and poorly understood
subclass of breast cancer. Glucose transporters (GLUTS) are required for glucose uptake in
malignant cancer cells and are ideal targets for cancer therapy. To determine whether the
inhibition of GLUTSs could be used in TNBC cell therapy, the apple polyphenol phloretin (Ph)
was used as a specific antagonist of GLUT2 protein function in human TNBC cells.
Interestingly, we found that Ph (10—150 pM, for 24 h) inhibited cell growth and arrested the
cell cycle in MDA-MB-231 cells in a p53 mutant-dependent manner, which was confirmed
by pre-treatment of the cells with a p53-specific dominant-negative expression vector. We
also found that Ph treatment (10—150 uM, for 24 h) significantly decreased the migratory
activity of the MDA-MB-231 cells through the inhibition of paxillin/FAK, Src, and alpha
smooth muscle actin (x-sMA) and through the activation of E-cadherin. Furthermore, the
anti-tumorigenic effect of Ph (10, 50 mg/kg or DMSO twice a week for six weeks) was
demonstrated in vivo using BALB/c nude mice bearing MDA-MB-231 tumor xenografts. A
decrease in N-cadherin, vimentin and an increase in p53, p21 and E-cadherin were detected
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in the tumor tissues. In conclusion, inhibition of GLUT2 by the apple polyphenol Ph could

potentially suppress TNBC tumor cell growth and metastasis.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glucose is a major source of energy for cancer cells. In
proliferating cancer cells, the transport of glucose across the
cell membrane by glucose transporters is the rate-limiting
step during metabolism [1]. There are several different sub-
types of the mammalian glucose transporter (GLUT1-12, 14)
family, which can be identified in various human organs [2]. In
this study, we focused on the type 2 glucose transporter
(GLUT2), which is detected primarily in the pancreas, intes-
tine, liver and kidney [3]. GLUT2 expression can be regulated
by the extracellular glucose concentrations and insulin [4].
Metastasis is the major cause of death in many different types
of cancer. Previous studies have demonstrated that the apple
polyphenol phloretin (Ph) [5] and an extracted modified Fuji
apple polysaccharide [6] could have significant anti-
tumorigenic effects on colon cancer cells. Many previous
studies have also demonstrated that apple extracts have sig-
nificant anti-tumorigenic effects in breast cancer cells [7—10].
However, the mechanisms that relate the apple-derived
components with potential tumor preventative or therapeu-
tic effects remain unclear.

Ph is detected in apples or apple-derived products and is
conjugated to glucosidic to form phloridzin (phloretin 2’-O-
glucose) [11]. An in vitro study demonstrated that Ph can be
produced in Erwinia herbicola Y46, which degrades phloridzin
to yield Ph [12]. Furthermore, Ph glycosides have been detec-
ted at a high level in apple purees and in commercial juices as
a consequence of the processing conditions [13]. Apples also
contain other phytochemicals or polysaccharides with anti-
tumorigenic effects in breast cancer cells [7]. In addition,
apple components have chemopreventive activity in breast
cancer [14,15]. Increased consumption of apples and their
derivatives has been associated with the prevention of breast
and colon cancer [14,16]. Most previous reports have focused
on apple polysaccharides, which affect breast cancer cell
growth or induce apoptosis [17,18]. However, many studies
have reported that the phytochemicals produced by apples
may function as antioxidants and have anti-proliferative ef-
fects in breast cancer cells [19,20]. In our previous studies, it
was shown that Ph is a specific inhibitor of GLUT2 and that the
significant anti-tumorigenic effects are due to the suppression
of trans-membrane glucose transport [5,21,22]. In vivo studies
also demonstrated that Ph suppresses the growth of xenograft
tumors including bladder and liver cancer [21-23|. These
findings suggest that Ph has potential anti-tumorigenic ac-
tivity. However, the mechanism of the effects of Ph in human
breast cancer cells is not well known.

In this study, we demonstrate that Ph can significantly
inhibit TNBC cancer cell growth in an in vivo xenograft mouse
model. Our results showed that apple polyphenols inhibit

GLUT2 and can be effectively used for breast cancer
chemoprevention.

2. Materials and methods
2.1. Cell lines

The human mammary gland epithelial adenocarcinoma cell
line MDA-MB-231 (ATCC HTB-26) [24] and the normal human
breast epithelial cell line MCF-10A (ATCC CRL-10317) were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). MCF-10A cells were maintained in a
MCF-10A culture media consisting of DMEM/F12 (Thermo
Fisher Scientific, Passau, Germany) supplemented with 20 ng/
mL epidermal growth factor, 10 g/mL insulin, 0.5 g/mL hy-
drocortisone, and 1x non-essential amino acids (Thermo
Fisher Scientific). MDA-MB-231 cells were maintained in
DMEM (Thermo Fisher Scientific). The cells were cultured ac-
cording to standard protocols [25].

2.2. Cell proliferation and viability assays

Cell growth and proliferation were determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) and try-
pan blue assays [26]. This assay was repeated four times with
two technical replicates each time.

2.3. Protein extraction, Western blotting analysis and
antibodies

Cells treated with DMSO and Ph were harvested for immu-
noblotting analysis [25]. Primary antibodies were purchased
from multiple sources. Antibodies against WAF1/Cip (p21,
#2947), Rb (#9309), cyclin D1 (#2922), cyclin E1 (#4129),
phospho-FAK (Tyr397, #3283), FAK (#3285), phospho-Src
(Tyr4le, #2101) and E-cadherin (#14472) were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-
Kip1 (p27, # 610241) was purchased from BD Bioscience Phar-
mingen (San Diego, CA, USA). Anti-GAPDH (ab9485), anti-
paxillin (ab32084), anti-alpha smooth muscle actin (a—SMA,
ab21027), anti-N-cadherin (ab18203) and anti-Src (ab47405)
antibodies were purchased from Abcam (Cambridge, UK).
Antibodies against GLUT2 (H-67), p53 (DO-1), and PARP (F2)
were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA).

2.4. Flow cytometry analysis
The populations of cells treated with Ph or DMSO were sorted

and analyzed based on cell cycle phase using flow cytometry
[27]. The population of cells in each of the different phases of
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Fig. 1 — Ph-induced human TNBC cell growth. (A) Human breast TNBC cancer (MDA-MB-231) cells were treated with
25—-150 pM Ph for 24 h. Some cells were also treated with 0.05% DMSO as a control. The gross morphology of the cells was
determined, and the scale bar represents 200 um. (B) The human breast TNBC cancer (MDA-MB-231) and normal (MCF-10A)
cells were treated with 25—150 pM Ph for 24 h. Cells were also treated with 0.05% DMSO as a control. MTT assays were
performed, and the results were observed for 1-5 days; *p < 0.05. (C) The Ph-induced cytotoxic effects were determined by
trypan blue exclusion assay. The results are presented as percentage of the control; “p < 0.05. All results presented above
were repeated at least three times.
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the cell cycle was evaluated using the FACSCAN laser flow
cytometric analysis software (Becton Dickenson, CA, USA).

2.5. Treatment of MDA-MB-231 cells-derived xenografts
in vivo

MDA-MB-231 cells (5 x 10°) were transplanted into BALB/c
nude mice (6—7 weeks of age) [27,28]. Tumor size was
measured after transplantation using calipers and estimated
according to the following formula: tumor volume
(mm®) =L x W¥2, where L is the length and W is the width
[28]. The mice were treated with DMSO or Ph at a dose of
25 mg/kg three times per day for 6 weeks until the tumors
reached a mean volume of more than 200 mm.? The study was
approved by the Association for Assessment and Accredita-
tion of Laboratory Animal Care, and all processes were per-
formed based on the Taipei Medical University animal care
and use rules (License No. LAC-2015-0098).

2.6. Wound-healing cell migration and in vitro invasion
assay

MDA-MB-231 cells were seeded into six-well plates and
treated with Ph (25—100 uM for 24 h) for an in vitro wound-
healing migration assay according to a previously reported
protocol [29].

2.7. Statistical methods

All results are expressed as the mean value of at least three
experiments with 95% confidence intervals (ClIs), unless
otherwise stated. A paired t-test was used to analyze the MTT
assay, the flow cytometry analysis, and the wound-healing
migration assay. The statistical software SigmaPlot graphing
(San Jose, CA, USA) and the Statistical Package for the Social
Sciences, v. 16.0 (SPSS, Chicago, IL, USA) were used to compare
the control and the study groups. A p-value of 0.05 or less was
considered significant.

3. Results

3.1. GLUT2 inhibition-induced cell cycle arrest in breast
cancer cells

Our recent studies demonstrated that GLUT-2 inhibition by Ph
significantly inhibited liver and colon cancer cell proliferation

[5,21,22]. To determine whether GLUT?2 inhibition could cause
significant cell growth arrest in human cancer cells, we
treated human breast cancer (MDA-MB-231) cells with Ph
(25—150 uM) for 24 h and observed the gross morphology of the
cells (Fig. 1A). The results indicated that a high dose of Ph
(>150 uM) caused significant changes in the cell morphology
(Fig. 1A, indicated by a red arrow). We also treated human
breast cancer (MDA-MB-231) and normal (MCF-10A) cells with
Ph (25—150 uM) for 24 h and measured cell proliferation with
an MTT assay (Fig. 1B). Similarly, the results indicated that a
high dose of Ph (>150 uM) significantly inhibited the growth of
cancer cells but not of normal cells (Fig. 1B, *p < 0.05). A trypan
blue exclusion assay was performed, and the results indicated
that Ph at a dose of more than 50 uM caused significant cell
death (Fig. 1C, *p < 0.05). Together, these results indicated that
Ph preferentially inhibits the proliferation of breast cancer
cells compared with normal cells.

To determine whether the inhibition of cell growth that
was induced by Ph due to a blockage of the cell cycle, a flow
cytometry analysis was performed (Fig. 2A). To demonstrate
the effects of Ph on a specific phase of the cell cycle, we syn-
chronized the breast cancer (MDA-MB-231) cells by switching
them to media with 0.04% FCS for 24 h to render them
quiescent [27]. The synchronized MDA-MB-231 cells were then
returned to culture media containing 10% FCS (control) and
10—150 uM Ph, which was the start of a new cell cycle. The
cells were harvested after 16 h, which represents the S phase
peak for the flow cytometry analysis [27]. Fig. 2A shows a
representative FACS analysis result of the DMSO- (0 uM) and
Ph- (10—150 uM) treated cells 16 h after the cells were released
from quiescence. The results demonstrated that Ph-treatment
(>10 uM) induced a significant accumulation of MDA-MB-
231 cells in the GO/G1 phase compared with the control cells,
suggesting that the observed growth inhibition was due to the
inhibition of GLUT2 by Ph (Fig. 2A, *p < 0.05).

3.2.  The effect of Ph on the expression of proteins
involved in regulating the GO/G1 phase of the cell cycle

Based on the FACS analysis results shown in our previous
paper [27], the MDA-MB-231 cells were released from quies-
cence at0, 16, 18 and 24 h, representing the G0/G1, S, G2/M and
2nd GO/G1 phases of the cell cycle, respectively. Accordingly,
the 16-h point (representing the lowest GO/G1 or highest S
phase) was selected for immunoblotting analysis. As shown in
Fig. 2B, the protein level of GLUT2 was increased in both cell
lines after Ph treatment (10—150 uM). We hypothesized that

Fig. 2 — Effects of Ph-induced GO/G1 phase cell cycle arrest in TNBC cancer cells. (A) Flow cytometry (FACS) analysis of DNA
was conducted after MDA-MB-231 cells were synchronized by 0.04% FCS for 24 h and then switched to culture media
supplemented with 10% FBS containing 0.05% DMSO (control) or Ph (10—150 uM in 0.05% DMSO) for an additional 16 h. The
lower panel shows the flow cytometry chart of all these cells. The data were analyzed by nonparametric two-sided tests
(Kruskal—Wallis and Mann—Whitney tests, *p = 0.05 for all comparisons). (B) The MDA-MB-231 cells were treated with or
without Ph (10—150 uM) for 16 h. The protein levels of GLUT2, p21/Cip1, p27/Kip1, cyclin E1, cyclin D1, and p53 were
determined by immunoblotting analysis. In each case, GADPH expression served as a control. (C) The MDA-MB-231 cells
were pre-treated with a p53-specific dominant-negative expression vector (indicated as p53DN cells) for 24 h. Both the MDA-
MB-231 and p53DN cells were treated with Ph (50—100 uM) for 16 h, and the protein was harvested for detection of p53
protein by immunoblotting analysis. Membranes were also probed with anti-GADPH antibodies to correct for differences in
protein loading. All results presented above were repeated at least three times, and representative results are shown.
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this finding was due to a Ph-induced inhibition of glucose
uptake that led to a compensatory upregulation of GLUT2
protein expression in both cancer cell lines.

As described above, Fig. 2B shows that the Ph-induced G0/
G1 phase cell cycle arrest was observed in MDA-MB-231
cancer cells containing mutant p53 (p53 mt) [30]. According
to that study, the results indicated that the p53 mt in MDA-
MB-231 breast cancer cells is stabilized by elevated phos-
pholipase D, which contributes to the carcinogenic effects of
the breast cancer cell proliferation. The authors proposed
that the p53 mutation is required for the survival of MDA-MB-
231 breast cancer cells subjected to the stress of serum
withdrawal [30]. Ph treatment caused intracellular glucose
deprivation through the inhibition of GLUT2 function in
breast cancer cells. In our study (Fig. 2B), we found that the
expression of p53 mt was induced by a high dose of Ph
(>100 uM) treatment. These results indicated that p53 mt is
involved in glucose deprivation-induced G0/G1 cell cycle ar-
rest in human breast cancer cells. According to the previous
paper, the p53 mt protein in MDA-MB-231 cells is relatively
stable compared with the wild-type p53 in MCF7 cells (p53
wild type) [30]. p53 mt is believed to be a transcription factor
involved in the regulation of cell cycle arrest and apoptosis
[31]. We selected p27/Kip1 and p21/Cip1 as two representative
protein markers to evaluate the Ph-induced cell growth arrest
and apoptosis. After Ph (10—-50 uM) treatment, p27/Kip1 and
p21/Cipl were prominently induced in MDA-MB-231 cells
(Fig. 2B). These results suggest that p53 mt-mediated signals
were important for Ph-induced cell growth inhibition in these
cells. We also demonstrated that the cyclins E1 and D1 were
inhibited in the cells treated with a high dose of Ph (>100 uM).

3.3.  The mutant p53-mediated signals were important
for Ph-induced inhibition of cell growth

To test whether the mutant p53-mediated signals were
important for Ph-induced inhibition of cell growth, we pre-
treated the MDA-MB-231 cells with a p53-specific dominant-
negative expression vector (named p53DN cells) [32,33]. The
results indicated that an upregulation of the Ph-induced
p53 mt was also detected in the p53DN cells. However, the
Ph-induced cytotoxic effects were attenuated (Fig. 2C, red
arrow indicated). These results implied that even in cancer
cells with p53 mt, which make up a majority of cancer cells,
the Ph-induced cytotoxic effects were also prominent. These
results are valuable for clinical applications. Similar results
were also indicated in our previous papers indicated that in
the colon cancer (HT 29, p53 His*’® mutated) cells the drugs
which induced G0/G1 arrest were also detected [27,34—36].
We then evaluated whether the Ph treatment could effec-
tively inhibit tumor cell migration by performing a wound-
healing migration assay (Fig. 3A). The results indicated that
a low concentration of Ph (>25 uM) effectively inhibited cancer
cell migration (Fig. 3A, *p < 0.05). We then explored the
mechanism underlying the Ph-induced anti-migratory effects.
The MDA-MB-231 cells were treated with Ph (10-150 pM) for
24 h, and the expression of relevant proteins in the migratory
cells was detected by immunoblotting analysis (Fig. 3B). Pre-
vious studies have demonstrated that the FAK/Src complex
mediates the phosphorylation of paxillin, an adaptor protein

that is a component of the FAK/Src adaptor complex [37]. In
this study, the results demonstrated that Ph inhibited the
phosphorylation of FAK and Src and decreased the expression
of paxillin (Fig. 3B). In addition, «-SMA is a protein in humans
that is encoded by the ACTA2 gene located on 10q22-g24 [38].
a-SMA is commonly used as a marker of myofibroblast for-
mation; however, it is also known to be related to cell migra-
tion. For example, Docetaxel-conjugate nanoparticles known
as Cellax have been used as a therapy in MDA-MB-231
orthotopic breast tumor models. Cellax therapy significantly
reduced «-SMA content by 70% [39]. Similar results were also
shown in this study, as we found that a low dose of Ph (>10 uM,
24 h) significantly inhibited a-SMA protein levels (Fig. 3B). E-
cadherin has been known to play a role in tumor metastasis,
especially of breast cancer. Lower expression of E-cadherin
was detected in breast cancer tissues and was associated with
lymph node metastasis and poor prognosis [40]. The results
shown in Fig. 3B indicated that increased expression of E-
cadherin was detected in the Ph-treated breast cancer cells
(>50 pM). All these results indicate that Ph has the potential to
prevent breast cancer cell migration through the inhibition of
these migratory-related signaling proteins.

3.4.  The in vivo anti-tumor effects of Ph in MDA-MB-
231 xenograft mice

We further examined the anti-tumorigenic effects of Ph in vivo
by assessing BALB/c nude mice bearing MDA-MB-231 tumor
xenografts. After establishing palpable tumors (mean tumor
volume, 200 mm?), the animals received Ph at a dose of
10—50 mg/kg or a DMSO control three times a week. The tumor
size was measured from the first to the sixth week, and the
final tumor weight was significantly smaller in the Ph-treated
group than that of the control group (Fig. 4A, *p < 0.05). In mice
receiving these treatment regimens, no gross signs of toxicity
were observed after a determination of the body weight, a
visible inspection of the general appearance, and a micro-
scopic examination of the individual organs (data not shown).
To confirm the involvement of p53-mediated signaling path-
ways in the Ph-induced suppression of tumor growth, we
performed a Western blot analysis (Fig. 4B, right panel). As
shown in Fig. 4B, an upregulation of p53-mediated proteins,
such as p21/Cip1, was detected in the Ph-treated MDA-MB-231
tumor-bearing mice compared with the control mice. These
findings suggest that the p53-mediated anti-tumor effects in
tumor tissues are involved in the Ph-mediated inhibition of
xenograft growth in mice.

We further demonstrated that Ph induced E-cadherin
expression in MDA-MB-231 tumor-bearing mice. These results
are consistent with the results observed in the in vitro study
(Fig. 3B). As described above, the loss of E-cadherin-mediated
adhesion has been shown to play an important role in the
transition of epithelial tumors from a benign to an invasive
state [39]. However, recent evidence indicates that another
member of the cadherin family, N-cadherin, is expressed in
highly invasive breast tumor cell lines that lack E-cadherin
expression [41]. We found that Ph treatment significantly
inhibited N-cadherin expression (Fig. 4B). Furthermore,
increased expression of Vimentin has been shown to be a
novel predictive biomarker for lymph node metastasis and
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Fig. 3 — The mechanisms of Ph-induced TNBC cell migration. (A) The MDA-MB-231 tumor cells were treated with Ph
(25—100 pM) for 24 h, and tumor cell growth and migration was calculated by the wound-healing method. The data were
analyzed by paired t-tests. The mean value determined from the DMSO-treated cells was significantly different from that of
Ph-treated cells (p = 0.05 for all comparisons). (B) Total protein from the Ph-treated cells was harvested for detection of
proteins related to cell migration by immunoblotting analysis. Membranes were also probed with anti-GADPH antibodies to
correct for differences in protein loading. All results presented above were repeated at least three times, and representative

results are shown.

poor prognosis in colorectal and gallbladder carcinoma
[42,43]. We also demonstrated that Ph inhibited Vimentin
expression in the MDA-MB-231 tumor-bearing mice (Fig. 4B).
Together, these results demonstrated that Ph has potential
effects on the anti-tumor growth and metastasis mechanisms
by inhibiting cell growth and the expression of migratory-
related proteins.

4, Discussion

Our previous studies have demonstrated that increased
GLUT2 expression is a unique phenotype of liver cancer cells,
which have a high glucose requirement and increased glucose
uptake [5,21,22]. Based on these mechanisms, GLUT2 plays a
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Fig. 4 — The Ph-induced in vivo anti-tumor effects in MDA-MB-231-xenografted tumors. (A) The in vivo anti-tumor effect of
Ph was evaluated by treating mice bearing MDA-MB-231 tumor xenografts. After transplantation, tumor size was measured
using calipers, and tumor volume was estimated according to the following formula: tumor volume (mm?) = L x W%/2,
where L is the length and W is the width. Once the tumors reached a mean volume of 200 mm?, the animals received
intraperitoneal injections of DMSO or Ph at 10 mg/kg, or 50 mg/kg three times per week for 6 weeks. All animal studies were
performed according to the local guidelines for animal care and protection. (B) After the mice were sacrificed, protein lysates
were isolated from the MDA-MB-231 xenograft tumors, and proteins related to cell growth, arrest or migration were
detected by immunoblotting analysis. Membranes were also probed with anti-GADPH antibodies to correct for differences in
protein loading. All results presented above were repeated at least three times, and representative results are shown.

critical role in the uptake of glucose across the membrane of
cancer cells. Our previous studies demonstrated a higher
expression level of GLUT2 mRNA in breast, colon, and liver
tumor tissues [5,21,22]. Based on these observations, inhibi-
tion of the GLUT?2 by its specific functional inhibitors should
be useful for cancer therapy. Our study demonstrated that
in vivo inhibition of the GLUT2 by Ph significantly decreased
the uptake of glucose as assayed by positron emission to-
mography with 2-deoxy-2-[fluorine-18]fluoro-p-glucose inte-
grated with computed tomography (**F-FDG PET/CT), which
has emerged as a powerful imaging tool for the detection of
various cancers [21]. Our results demonstrated that Ph has

potential antitumor effects when used as a therapy in liver
cancer. Recently, we examined the mRNA levels of GLUT2 in
27 colon tumor vs. normal paired tissue samples [5]. The re-
sults indicated that greater quantities of GLUT2 mRNA were
detected in the tumor than in normal cells (>2.4-fold,
*p = 0.027). We also demonstrated that GLUT2 was required
for the advanced-stage colorectal cancer cell growth. Similar
results have been published indicating that an increase in
glucose uptake is significantly associated with poor prognosis
in metastatic colon cancer cells [44]. Such results suggest that
the activation of the GLUT2 in cancer cells has an important
role in metastatic tumor growth.
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To assess this hypothesis, we used an apple polyphenol,
Ph, which has been shown to be an inhibitor of GLUT2 [21,22],
and determined that targeting GLUT?2 significantly inhibited
MDAMB-231 cancer cell proliferation and migration in vitro
and in vivo. Inhibition of GLUT2 by Ph caused the cancer cells
to undergo GO/G1 cell cycle arrest. The results showed that
this inhibition the cytotoxic effects on cancer cells via GLUT2
inhibition was attenuated by pre-treatment with a
dominant-negative p53 expression plasmid. Many previous
reports have demonstrated that cancer cells have more
stringent glucose requirements than normal cells. In this
study, the protein level of the GLUT2 was increased in the Ph-
treated MDA-MB-231 cells. We also demonstrated that the
GLUT2 mRNA expression was increased in response to high
glucose medium treatment. The results indicated that high
GLUT2 protein expression is required for the uptake of the
glucose that is present in the microenvironment. Ph treat-
ment inhibited the glucose uptake process, and as a result,
increased GLUT? protein expression was required for cancer
cell survival.

GLUT2 is a key rate-limiting factor in the transport of
glucose into cancer cells. Enhanced GLUT2 expression and
accelerated glycolysis promote aggressive growth in a wide
range of tumor types. A previous study provides functional
evidence that increased GLUT1 expression in melanoma cells
enhanced their metastatic behavior [45]. These findings
specify GLUT1 as an attractive therapeutic target and prog-
nostic marker for this highly aggressive tumor. Another study
indicated that Ph could modify the amount of glucose entering
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into the cells by either modulating GLUT (GLUT1 and GLUT4)
protein expression or altering glucose binding [46]. Previous
studies have also demonstrated that Ph could induce cancer
cell apoptosis in B16 melanoma and HL60 leukemia cells via
the p53-dependent pathway [47]. Our study is the first to
demonstrate that the p53 mutant was also involved in Ph-
induced antitumor effects. A previous study using MCF-
7 cells demonstrated that prominent upregulation of p53 and
Bax and cleavage of poly (ADP)-ribose polymerase were
detected in the Ph-treated cells [48]. Such results implied that
Ph-induced glucose deprivation-induced ATP depletion [49]
initiated the mitochondrial death pathway cascade [50] and
increased oxidative stress, which triggered p53-associated
apoptosis [51].

The therapeutic importance of the Warburg effect is
increasingly recognized, and blocking glucose transporters
has become a common anticancer strategy. We previously
identified Ph as a novel small compound that inhibits the
glucose transport in hepatoma and colon cancer cells and
reduces cancer cell growth through a mechanism involving
glucose deprivation [5,21,22]. We hypothesized that com-
pounds targeting GLUT2 should be efficacious in vivo as anti-
cancer metastasis agents (Fig. 5). Here, we report that Ph
inhibited not only cell growth in a breast cancer cell line but
also cancer growth in a nude mouse model. We also demon-
strated that Ph could inhibit cell migration through different
molecules (Fig. 5). Similar observations have also been re-
ported in many previous papers. For example, abnormal
vascular smooth muscle cell proliferation and migration are
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Fig. 5 — The molecular mechanisms underlying the Ph-induced anti-tumor effects in human MDA-MB-231 cancer cells. In
response to Ph treatment, cell glucose uptake was suppressed through GLUT2. Subsequently, low concentrations of
intracellular glucose transcriptionally activated HNF6 protein expression as described in our previous paper [5]. The
overexpressed HNF6 was reported to be a transcription factor [S6] that induced GLUT2 compensatory upregulation in
response to glucose deprivation (shown in Fig. 2B). HNF6 also acts as a transcription factor [57] to induce p53-mediated
signals and trigger GO/G1 cell cycle arrest, which then caused the in vivo anti-tumor effects in the MDA-MB-231 xenograft
mice (right panel). In this study, we also found that Ph could inhibit Paxillin/FAK, N-cadherin, and «-SMA-mediated
migratory signals in the tumor-bearing mice treated with Ph. Our results indicated that apple polyphenol Ph could be an
important chemopreventive or therapeutic agent for TNBC breast cancer patients.
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key factors in many cardiovascular diseases. Thus, Ph may be
a potential treatment against atherosclerosis and restenosis
after vascular injury [52]. A previous study found that treat-
ment with streptozotocin, which can induce type-1 diabetes
in animals, significantly upregulated GLUT2 expression in
liver cells [53]. These observations suggested that for
increased glucose uptake into cells, upregulation of the GLUTs
was required. Two recent papers demonstrated that Ph has
significant antitumor effects on the lung cancer cells through
the activation of apoptosis-related signals [54,55].
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