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Abstract

The flavanone hesperetin is known to decrease basal glucose uptake, although the inhibitory
mechanism is largely unknown. Here, we used MDA-MB-231 breast cancer cells to investigate
the molecular pathways affected by hesperetin. The results indicate that the suppression of glucose
uptake is caused by the down-regulation of glucose transporter 1 (GLUTZ1). Hesperetin was also
found to inhibit insulin-induced glucose uptake through impaired cell membrane translocation of
glucose transporter 4 (GLUT4). In addition, the phosphorylation of the insulin receptor-beta
subunit (IR-beta) and Akt was suppressed. Hesperetin also decreased cellular proliferation, which
is likely due to the inhibition of glucose uptake. Cancer cells are highly dependent on glucose and
hesperetin may, therefore, have potential application as an anticancer agent.
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INTRODUCTION

Cancer cells have high rates of proliferation and commonly overexpress glucose transporters
to meet their increased need for biosynthetic building blocks.1~3 Glucose provides most of
the carbon that is used for constructing essential molecules for daughter cells, such as,
amino acids, fatty acids and nucleotides.? In the basal state, glucose transporter 1 (GLUT1)
appears to be the predominant glucose transporter in breast cancer cells,*-10 although the
expression of other glucose transporters has also been reported. 8-11-14

The glucose transporter dynamics change when a cell is stimulated by a ligand, such as
insulin.1516 Insulin signaling plays a crucial role in muscle and adipose tissues!”:18 as well
as other tissues. Several cancer cells have also been shown to actively use the insulin
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pathway.1920 Insulin binding to target receptors causes auto-phosphorylation of intracellular
receptor regions. This process results in the phosphorylation of downstream substrates, such
as PI3K and Akt.21.22 Akt activation triggers the translocation of glucose transporter 4
(GLUTA4) to the cell surface, where it is responsible for glucose trafficking.23 The activation
of GLUT4 enhances glucose uptake and increases the amount of intracellular glucose
available for metabolic conversion, thereby promoting enhanced cell proliferation.24-26

Hesperidin is a flavanone glycoside that can be found in citrus fruit. Hesperidin is
deglycosylated by enzymatic hydrolysis upon entering the digestive tract, forming
hesperetin (4’-methoxy-3',5,7-trihydroxyflavanone).2:28 Hesperetin has previously been
reported to decrease basal glucose uptake in U937 monocytic cells.2? However, the
inhibitory mechanism of this compound has remained elusive. Furthermore, it was unknown
whether hesperetin also affects insulin-stimulated glucose uptake. In the present work, we
investigated the role of hesperetin on basal and insulin-induced glucose uptake in MDA-
MB-231 breast cancer cells. It has previously been shown that by drinking orange juice (8
ml kg™1), one can reach a plasma concentration of hesperetin in the range of 0.5-6 pM.30 In
addition, hesperetin is metabolized to other compounds, such as aglycone glucuronides and
sulfates, which can also exert pharmacological activity.3132 We have therefore examined
the cellular effects of hesperetin in the range of 5-100 uM.

MATERIALS AND METHODS

Materials

Insulin was purchased from Roche Diagnostics Corporation (Indianapolis, IN). Hesperetin
was acquired from Sigma and GLUT1 and GLUT4 antibodies from Abcam. Alexa 488—
conjugated antimouse 1gG was purchased from Invitrogen, and phospho-insulin receptor and
phospho-AKT antibodies were obtained from Cell Signaling Technology. A phosphatase
inhibitor was acquired from Thermo Scientific and a HALT protease inhibitor cocktail from
Thermo Scientific.

Cell lines and culture

Human breast cancer cells (MDA-MB-231) were maintained in DMEM (Gibco) containing
10% fetal bovine serum (FBS, Hyclone) at 37 °C and 5% CO,. Fifth to tenth passage cells at
a confluency of 80% were used for the experiments.

Glucose uptake assay

For the basal glucose uptake assay, MDA-MB-231 cells were seeded in 96-well plates (1 x
10* cells per well) for 24 h, washed with phosphate-buffered saline (PBS) and incubated for
24 h with serum free media. Cells were thereafter treated with 0.1% dimethyl sulfoxide
(DMSOQ) (vehicle) or hesperetin (25-100 uM) for 24 h and then washed with PBS. Glucose
uptake was measured using a glucose uptake cell-based assay kit (Cayman) according to the
manufacturer's instructions. For the insulin-stimulated glucose uptake assay, cells were
treated as described previously, followed by a 30-min incubation with 100 nM of insulin.
Three replicates were used for each group, and the experiments were repeated three times to
confirm the results.

Real-time RT-PCR

Cells were seeded in 12-well plates (1 x 10° cells per well) and serum starved for 24 h,
followed by hesperetin treatment for 24 h. RNA extraction was performed using the
ALLPrep RNA Kit (QIAGEN) according to manufacturer's instructions, and quantification
was performed by absorption spectroscopy. Real-time RT-PCR was conducted as previously
described.33 The GLUT1 primer sequences for quantitative PCR were as follows: sense 5'-
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GGG CAA GTC CTT TGA GAT GC-3' and antisense 5'-AAG GCT GTG GGT GAC ACT
TCA-3'. The GLUT1 mRNA expression was normalized by measuring the housekeeping
gene coding for glyceraldehyde-3-phosphate (GAPDH).

Western blot assay

MDA-MB-231 cells were seeded in six-well plates (2 x 10 cells per well) and serum
starved for 24 h and then treated with 0.1% DMSO (vehicle) or hesperetin (25-100 uM) for
24 h. For the measurement of Akt and insulin receptor phosphorylation, serum-starved cells
were pretreated with 0.1% DMSO (vehicle) or 100 pM hesperetin for 30 min, followed by
insulin stimulation (100 nM) for 30 min. The treated cells were washed and incubated with
lysis buffer containing protease and phosphatase inhibitors. Protein lysates were mixed with
SDS loading buffer and heated at 95 °C for 5 min. Samples were separated by
electrophoresis with Any kD gels (Bio-Rad) and transferred to PVDF membranes.
Membranes were blocked for 1 h in 5% nonfat milk in Tris-buffered saline with 0.1%
Tween-20, incubated with desired primary antibody overnight, washed and incubated with
HRP-conjugated secondary antibody for 1 h. Membranes were washed and protein bands
were detected by enhanced chemiluminescence (Amersham Life Sciences, Amersham, UK).

Immunofluorescence imaging

MDA-MB-231 cells were grown in 35 mm dishes (2 x 10° cells per well) for 24 h, washed
with PBS and incubated with fresh serum-free medium for 24 h. For detection of GLUT1,
cells were treated with 0.1% DMSQO (vehicle) or hesperetin (25-100 uM) for 24 h. For the
detection of GLUT4, cells were treated with 0.1% DMSO (vehicle) or hesperetin (25-100
pM) for 30 min and then stimulated by insulin (100 nM) for 30 min. The treated cells were
fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Nonspecific
sites were blocked with 1% BSA in PBS containing 0.1% Tween-20. The fixed cells were
incubated with GLUT1 and GLUT4 monoclonal mouse primary antibodies overnight (1:200
dilution), followed by washing and incubation with Alexa 488—conjugated antimouse 1gG
secondary antibody for 1 h at room temperature (1:500 dilution). All antibodies were diluted
in PBS containing 0.1% Tween-20 solution containing 1% BSA. Fluorescence imaging was
performed by confocal microscopy (Olympus 1X81). Analysis of GLUT4 associated with
the plasma membrane was performed as previously described.23 Each group was represented
by five replicates and the experiment was repeated three times to confirm the results.

Cell proliferation assay

MDA-MB-231 cells were seeded in 96-well plates (1 x 10* cells per well) with complete
medium for 24 h, washed and incubated with serum free medium for 24 h. In the basal cell
proliferation assay, cells were treated with vehicle (0.1% DMSO) or 25-100 pyM of
hesperetin for 24 h. In the insulin-stimulated cell proliferation assay, cells were treated with
vehicle (0.1% DMSO) or 25-100 puM of hesperetin in the absence or presence of insulin for
24 h. Cellular proliferation was quantified using the CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay (Promega Corporation) according to the manufacturer's
instructions. Each group was represented by three replicates and the experiment was
repeated three times to confirm the initial result.

Statistical analysis

Data were measured by analysis of variance, followed by Student's £test (unpaired and two-
tailed) (Microsoft Excel). Data were performed as mean +S.E.
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RESULTS

Hesperetin inhibits basal and insulin-stimulated glucose uptake

To investigate the effect of hesperetin on basal glucose uptake in MDA-MB-231 breast
cancer cells, glucose transport was monitored using a fluorescent 2-deoxyglucose analogue
(2-NBDG). As shown in Figures 1A and 1B, hesperetin caused a decrease in glucose uptake.
At the highest concentration (100 uM), glucose uptake was reduced by approximately 45%.

To further determine the effect of hesperetin on insulin-stimulated glucose uptake, cells
were pretreated with a high dose (100 uM) or a low dose (5 uM) of hesperetin and then
stimulated with insulin. Insulin-stimulated glucose uptake was reduced by approximately 40
% in the high dose group and 8% in the low dose group (Figure 1C).

Hesperetin inhibits GLUT1 protein and mRNA expression

We performed Western blot, fluorescence imaging and RT-PCR to evaluate whether
hesperetin induces changes in GLUT1 expression. Western blot analysis revealed that
hesperetin caused down-regulation of GLUT1 protein expression in a concentration-
dependent fashion (Figure 2A). These results were supported by fluorescence images
showing that hesperetin (100 pM) significantly inhibited GLUT1 expression (Figure 2B).
RT-PCR analysis indicated a concentration-dependent reduction of GLUT1 mRNA levels
by hesperetin. The mean value of GLUT1 expression relative to controls was decreased to
80.6% + 7.8% at 25 uM, 41.8% + 11.9% at 50 pM and 6.1% + 0.8% at 100 uM (Figure 2C).

Hesperetin inhibits insulin-induced redistribution of GLUT4 and impairs phosphorylation
of the insulin receptor and Akt

We investigated the mechanism of hesperetin inhibition on insulin-stimulated glucose
uptake. Under basal conditions, GLUT4 displayed a perinuclear distribution, whereas insulin
stimulation caused a redistribution of GLUT4 to the cell periphery (Figure 3A). By
analyzing the fluorescence intensity of the plasma membrane, it was shown that insulin
caused a 2.2-fold increase in the amount of GLUT4 in comparison with basal conditions (p
< 0.05) (Figure 3C). Pretreatment with hesperetin significantly decreased the amount of
GLUT4 that accumulated at the cell surface in response to insulin (p < 0.05) (Figures 3A
and 3B).

Hesperetin was also shown to suppress the phosphorylation of the insulin receptor B subunit,
which is involved in the initial steps of the insulin pathway (Fig 3C). Moreover, we
confirmed that hesperetin significantly reduced the phosphorylation of Akt, a downstream
effector in the insulin pathway (Fig 3C). In contrast to GLUT1, hesperetin did not induce
any changes in GLUT4 protein levels (data not shown).

Hesperetin inhibits cell proliferation

To examine whether hesperetin treatment causes a decrease in cell proliferation, cells were
incubated in serum-free DMEM in the presence of vehicle or hesperetin (100 uM) for 24 h.
The results indicate that hesperetin inhibited cell proliferation under basal conditions (Fig
4A). We also determined the effect of hesperetin on insulin-stimulated proliferation and
found that a high dose (100 uM) reduced proliferation by approximately 30%, whereas a
low dose (5 uM) reduced cell proliferation by 4% (Fig 4B).

DISCUSSION

Cancer cells have high rates of glucose uptake and metabolism, which are essential for
tumour growth. This is partly due to the increased activity of enzymes, such as
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hexokinases,34-36 and partly the result of overexpressed glucose transporters.1:2 Therefore,
compounds that target these transporters have the potential to be used as inhibitors for
tumour progression. In addition, it has been shown that the inhibition of glucose37 or
glucose metabolism38:39 can sensitize cells to chemotherapeutics, thereby overcoming
required resistance to these agents.

More than 20 glucose transporters have been characterized, of which GLUT1 and GLUT4
are the predominant ones found in carcinoma.?10:37:40 | the present study, we found that
hesperetin down-regulates expression of GLUT1 at both the transcriptional and translational
level as well as reducing insulin-induced relocation of GLUTA4. By reducing glucose uptake
through multiple mechanisms, hesperetin may have an advantage compared with agents that
inhibit a single pathway of glucose uptake.*142 We have also shown that hesperetin reduces
cancer cell proliferation, which is likely due to the impairment of glucose uptake, as the
suppression of cell division by low levels of glucose is a common phenomenon reported in
the literature.2-26:43 According to a study conducted by Erlund et a/39, the physiological
dose of hesperetin, attainable from drinking orange juice, is in the range of 0.5-6 pM. We
have shown that insulin-stimulated glucose uptake was inhibited by approximately 8% and
proliferation by approximately 4% at 5 M of hesperetin, although these results were not
statistically significant. However, at a higher concentration (100 pM), the suppression is
much stronger, reaching 45% inhibition of glucose uptake and 30% inhibition of
proliferation. Therefore, we conclude that there could be a possible therapeutic benefit of
regular consumption of citrus juice, although higher concentrations of hesperetin are
necessary to bring about more dramatic effects. Higher plasma levels of hesperetin could
potentially be obtained by using alternative routes of administration instead of oral uptake.
Metabolized versions of hesperetin that arise /n7 vivo, which were not accounted for in our
experiments, could also influence therapeutic efficacy. It should also be noted that the
natural form of hesperetin mainly exists as an S-stereoisomer, whereas the commercially
available version, used in this work, is a mixture of both S- and R-stereoisomers.44:4°

Previous reports also demonstrate that hesperetin induces apoptosis#6-48 and inhibits
angiogenesis.*649 Moreover, it has been shown that hesperetin glucuronides can act as
inhibitors or substrates for xenobiotic transporters, such as BCRP and MRP3.%0 The
presence of such substrates inhibits the efflux of other compounds through these
transporters, >0 suggesting that hesperetin could potentially suppress multi-drug resistance.
These effects, combined with the inhibition of glucose uptake, suggest a potential role for
hesperetin in cancer therapy.
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Figure 1.

Effect of hesperetin on basal and insulin-stimulated glucose uptake in MDA-MB-231 cells.
(A) Confocal fluorescence microscope images of cells treated with vehicle (0.1% DMSOQO) or
100 uM hesperetin. Fluorescently labelled deoxyglucose (2-NDBG) is visible in green.
Scale bar: 20 um. (B and C) Fluorescence intensity of deoxyglucose compared with vehicle.
(B) Cells were treated with vehicle or 100 uM hesperetin for 24 h. (C) Cells were treated
with 5 pM or 100 pM hesperetin in the presence of insulin (100 nM). Results represent the
means £S.E. of three replicates. * A<0.05, ** A<0.01.
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Figure2.

GLUT1 expression in MDA-MB-231 cells treated with vehicle (0.1% DMSO) or hesperetin.
(A) Western blot analysis of cells. (B) Confocal fluorescence microscope image of GLUT1
detected with fluorescent antibody (green). Scale bar: 20 ym. (C) GLUT1 mRNA
expression. Results are expressed as the mean =SE of the percent change in GLUT1.*
£<0.05, ** £<0.01.
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Figure 3.

Effect of hesperetin on insulin-stimulated signaling in MDA-MB-231 cells. (A) Confocal
images of immunofluorescent detection of GLUT4. Cells were treated with vehicle (0.1%
DMSO) or 100 uM hesperetin and then incubated in the absence or presence of insulin. (B)
Fluorescent intensity analysis of GLUT4 associated with the plasma membrane. In each
group five cells were analyzed. Data are expressed as the mean fold change in fluorescent
intensity (compared with the vehicle group) £ SE. Scale bar, 20 pm. * /<0.05. (C) Western
blot analysis of phosphorylated insulin receptor (p-IR), phosphorylated Akt (p-Akt), insulin
receptor (IR) and Akt. Cells were pretreated with 0.1% DMSO (vehicle, V) or 100 uM
hesperetin (H) and stimulated with insulin for 30 min.
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Figure4.

Cell proliferation assay (MTS). (A) MDA-MB-231 cells were incubated with serum-free
medium and treated with 0.1% DMSO (vehicle) or 100 pM hesperetin. (B) MDA-MB-231
cells were incubated with 0.1% DMSO (vehicle) or hesperetin in the presence of insulin.
Results represent the means + SE of three replicates. */£<0.05.

Cell Biochem Funct. Author manuscript; available in PMC 2013 November 27.



