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Quercetin inhibits glucose transport by binding to an exofacial
site on GLUT1

Kathryn E. Hamilton, Janelle F. Rekman, Leesha K. Gunnink, Brianna M. Busscher, Jordan
L. Scott, Andrew M. Tidball, Nathan R. Stehouwer, Grace N. Johnecheck, Brendan D.
Looyenga, and Larry L. Louters”

Department of Chemistry and Biochemistry, Calvin College, Grand Rapids, MI, USA 49546

Abstract

Quercetin, a common dietary flavone, is a competitive inhibitor of glucose uptake and is also
thought to be transported into cells by GLUTL. In this study, we confirm that quercetin is a
competitive inhibitor of GLUT1 and also demonstrate that newly synthesized compounds,
WZB-117 and BAY-876 are robust inhibitors of GLUT1 in L929 cells. To measure quercetin
interaction with L929 cells, we develop a new fluorescent assay using flow cytometry. The binding
of quercetin and its inhibitory effects on 2-deoxyglucose (2DG) uptake showed nearly identical
dose dependent effects, with both having maximum effects between 50 and 100 uM and similar
half maximum effects at 8.9 and 8.5 UM respectively. The interaction of quercetin was rapid with
t1/ of 54 seconds and the onset and loss of its inhibitory effects on 2DG uptake were equally fast.
This suggests that either quercetin is simply binding to surface GLUT1 or its transport in and out
of the cell reaches equilibrium very quickly. If quercetin is transported, the co-incubation of
quercetin with other glucose inhibitors should block quercetin uptake. However, we observed that
WZB-117, an exofacial binding inhibitor of GLUT1 reduced quercetin interaction, while
cytochalasin B, an endofacial binding inhibitor, enhanced quercetin interaction, and BAY-876 had
no effect on quercetin interaction. Taken together, these data are more consistent with quercetin
simply binding to GLUTZ, but not actually being transported into L929 cells via the glucose
channel in GLUTL.

1. Introduction

The flavone quercetin (3,3",4”5,7-pentahydroxyflavone) is a natural polyphenol found in
high concentrations in many fruits, vegetables, and wines [Z, Z]. The average daily intake of
flavonoids in a normal diet is approximately 23 mg of which quercetin makes up 60 to
70%[2]. Quercetin has a wide variety of physiological effects and has received significant
research attention with over 15,000 studies reported in the literature including 650+ reviews
and 230+ clinical trials. Much of the work, as illustrated by recent reviews, has focused on
the potential of quercetin as a therapeutic in disease states such as diabetes, obesity and

"Corresponding author. Larry L. Louters Fax: 616-526-8551 Phone: 616-526-6493 lout@calvin.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al.

Page 2

cancer. [, 3-9]. Of potential relevance to its anticancer and antidiabetic activity is the
documented direct interaction of quercetin with the GLUT family of proteins, particularly
GLUT1 [10-16].

The facilitated glucose transporter, GLUT1 (SLC2A1), is expressed in a wide variety of cell
types and, while generally responsible for basal uptake of glucose, it also responds to
changing metabolic conditions [Z7]. Chronic exposure to cell stressors—such as hypoxia,
hypoglycemia, and AMP kinase activation—increase GLUT1 protein expression [18-20]. In
addition, this transporter appears to be overexpressed in a number of cancers, especially
those driven by KRAS mutations, thereby accelerating glucose uptake in support of
glycolytic metabolism [21-25]. Given the dependence of many cancers on GLUT1 transport
activity, there is strong interest in small molecule inhibitors of GLUT1 as potential
therapeutics. Potential inhibitors include a number of natural products such as quercetin [13,
14, curcumin [26, 27], and caffeine [28-30], as well as newly synthesized high affinity
inhibitors such as WZB-117 [ 31, 37] and BAY-876 [33].

Quercetin is a competitive inhibitor of glucose entry via GLUT1 and a noncompetitive
inhibitor of glucose exit. These studies suggest that quercetin binds to the exofacial surface
of GLUT1[ 10, 14]. There is also evidence that suggests that quercetin itself is transported
into cells via GLUT1 [1Z, 12] and GLUT4 [13]. The purposes of this study was: 1) to verify
the inhibitory effects of quercetin on 2-deoxyglucose uptake in L929 cells, which
exclusively express GLUT1 [34]; 2) to measure quercetin binding in L929 cells; and 3) to
measure the effects of other GLUT1 inhibitors on quercetin binding to help map the
quercetin binding site on GLUT1 and to determine if quercetin is transported by GLUT1
into cells. We hypothesized that if quercetin was taken up by GLUTL in a fashion similar to
glucose, inhibitors of glucose uptake should also inhibit quercetin uptake.

2. Materials and Methods

2.1 Chemicals

Quercetin, cytochalasin B, BAY-876, and caffeine were purchased from the Sigma-Aldrich
Chemical Company (St. Louis, MO, USA), WZB-117 from Cayman Chemical Company
(Ann Arbor, MI, USA), 2-deoxy-D-glucose- [1,2-3H] (2DG) from Moravek Biochemicals
(Brea, CA, USA) and [4(n)-3H] cytochalasin B from Amersham Biosciences
(Buckinghamshire, United Kingdom).

2.2 Cell culture

L929 mouse fibroblast cells were obtained from the American Type Culture Collection. The
cells were grown under standard conditions at 37°C in an incubator supplied with
humidified room air with 5% CO,, and maintained in low glucose (1 g/L) Dulbecco’s
Modified Eagle Media (DMEM) (Gibco/Life Technologies, Grand Island, NY)
supplemented with 5% fetal bovine serum (FBS). Cell detachment for passaging and seeding
was performed with TrypLE Express dissociation enzyme (Life Technologies) after rinsing
of attached cells with sterile phosphate buffered saline (PBS).
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2.3 Glucose uptake assay

To initiate each experiment, 24-well plates were seeded with L929 cells either 1 or 2 days
prior to experimentation. The cells were grown under standard conditions, and uptake
experiments were done with cells near confluency, which is approximately 3.0 x 10° per
well for L929 fibroblast cells. Glucose uptake was measured using the radiolabeled glucose
analog 2-deoxyglucose (2DG) as previously described[24]. Briefly, the media was replaced
with 0.2 mL of glucose-free HEPES buffer (140 mM NaCl, 5 mM KCI, 20 mM HEPES/Na
pH=7.4, 2.5 mM MgSQOy4, 1 mM CaCl,, 2 mM NaPyruvate, 1 mM mannitol) supplemented
with 1.0 mM (0.3 pCi/mL) 2DG (1,2-3H). 1.0 mM 2DG is below the K, of transport, 6-8
mM, and allows us to monitor linear uptake for longer times. After a 15-minute incubation,
cells were washed twice with cold glucose-free HEPES. The cells were digested in 0.25 mL
of 0.3 M NaOH and the 3H-2DG was measured using scintillation spectrometry.

The uptake media was supplemented with inhibitors from stock solutions as indicated in the
figure legends. Stocks solutions of cytochalasin B, BAY-876, WZB-117, quercetin dissolved
in ethanol (cytochalasin B) or DMSO (BAY-876, WZB-117, quercetin) were prepared at
200-400x. Quercetin was oxidized by mixing excess potassium iron I11 cyanide (K3Fe(CN)g)
(2 mM) with 100 pM quercetin 15 minutes prior to exposure to cells (Fig 1B). For the
kinetics experiments with or without 100 uM quercetin (Fig 1C), the concentration of 2DG
in the uptake solution was varied as indicated in the figure legend.

2.4 3H-Cytochalasin B binding

L 929 cells were plated to 24-well plates and grown overnight as indicated above. Media was
replaced with HEPES buffer supplemented with 1 uM 3H cytochalasin B at 0.3 uCi/mL and
quercetin at 0, 10, 25, 50, or 100 uM. After a 15-minute incubation, cells were washed twice
with cold glucose-free HEPES. The cells were digested in 0.25 mL of 0.3 M NaOH and the
3H-cytochalasin remaining with cells was measured using scintillation spectrometry.
Background binding was measured as radioactivity remaining in the presence of 50 uM
unlabeled cytochalasin B and subtracted from each experimental measurement.

2.5 Flow Cytometry

1929 cells were plated to 12-well plates at a density of 2.0 x 10° cells/well and grown
overnight under standard conditions. The following day, cells were incubated for various
times at 37°C in DMEM with varying concentrations of quercetin and other inhibitors as
indicated in the figure legends and text. After treatment, the cells were washed with PBS,
detached by trypsinization and then filtered into round-bottom polystyrene cytometry tubes
to achieve single cell suspensions. Cells were pelleted by centrifugation, washed once with
cold PBS and then maintained in the dark on ice until analysis. Flow cytometry was
performed using a BD FACSCalibur instrument set to detect quercetin fluorescence using
the 488 nm excitation laser and FL2 channel (585/40 nm filter) for emission detection.
Background fluorescence and instrument settings were established with vehicle treated cells.
For experiments involving fixed and permeabilized cells, a commercial kit that employs
formalin fixation and permeabilization with saponin (Cytofix/Cytoperm kit, BD
Biosciences, San Jose, CA) was used to prepare cells. Cells were incubated with the fixation
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reagent for 30 minutes on ice, washed once with PBS and then permeabilized at 4°C in
buffered media containing saponin.

2.6 Statistical analysis

Each 2DG uptake experiment with quadruplicate samples was repeated a minimum of three
times to ensure that results could be replicated. 2DG uptake data were measured as nmol/15
min/well xstandard error, normalized to control conditions and reported directly (kinetics) or
as relative 2DG uptake. All flow cytometry experiments except those indicated in the text
were performed a minimum of three times with duplicate samples for each condition.
Statistical significance was determined by a two-tailed t-test and is reported at P< 0.05 or
P<0.01. The software program, Prism v 6.0f, was used to fit the data and determine
parameters such as Ky, Vimax and 1Csg.

3. Results

3.1 Quercetin is a competitive inhibitor of 2DG uptake in L929 fibroblast cells

Quercetin has been shown to be an inhibitor of GLUTL transport activity in a variety of cells
including U937, HL-60, Jurkat, transformed CHO, and human erythrocytes as well as an
inhibitor of GLUT4 in adipocytes [10, 12-16, 35]. Our initial experiments were designed to
confirm this inhibitory action of quercetin in mouse L929 fibroblast cells, which express
only GLUT1 [34]. We measured the effects of increasing concentrations of quercetin on
2DG uptake in L929 cells. The results reported in Fig 1A are expressed as a percentage of
control and indicate that quercetin inhibits uptake in a dose dependent manner with
maximum inhibition of about 90% achieved between 50 and 100 uM and an ICgq of 8.5 pM.
These results are virtually identical to results observed in HL-60 cells [Z4]. When 100 uM
quercetin is incubated with 2.0 mM potassium ferric cyanide the inhibitory action of
quercetin is lost (Fig 1B), confirming previous work that oxidized quercetin does not inhibit
2DG uptake [12]. The results of a kinetics experiment shown in Fig 1C reveal that quercetin
is a competitive inhibitor of 2DG uptake in L929 cells with no statistical change in the Vax
of uptake, but an increase in the K, from 9.5 to 27.9 mM. This matches previous results

[14].

3.2 Inhibition of Quercetin is immediate and quickly reversible

The inhibition of glucose uptake by quercetin appears to be the result of a direct binding to
the exofacial side of GLUT1 [10, 14]. However, it has also been reported that quercetin is
transported by GLUT1 [Z2] and that it can compete for cytochalasin B binding [Z4], which
is known to bind to the endofacial side of GLUT1 [36-36]. These data taken together suggest
that quercetin can inhibit 2DG uptake by either binding directly to an exofacial site, or by
being transported and then binding to an endofacial site. We addressed this possibility of
dual inhibition by investigating the effects of time on quercetin inhibition of 2DG uptake.
We hypothesized that if quercetin binds to an exofacial site, we should see immediate
inhibition; however, if it is also transported into cells and binds to an endofacial site, we
might observe an increase in inhibition over time. Also, if quercetin is transported into cells,
we would predict a slow recovery of the inhibitory effects reflecting the time require for
quercetin to be lost from the cells. This slow recovery is precisely what was observed in the
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recovery of caffeine inhibition which binds to an endofacial site [28,30]. However, we did
not observe either on these results with quercetin.

2DG uptake was measured in the absence and presence of quercetin over time (Fig 2A) and
resulted in an immediate inhibition at the earliest measurement of 2 minutes. We observed
that this inhibition was linear over a 20-minute time-course. When cells were incubated with
100 uM quercetin only during the 15 minutes of uptake, we observed about 90% inhibition.
However, when cells were exposed to the same dose of quercetin for 15 minutes prior to
measuring 2DG uptake, during which time quercetin was absent, we observed an immediate
partial recovery to 50% inhibition. Furthermore, if cells were washed once with PBS after
initial exposure to quercetin, they displayed a full recovery of transport activity (Fig 2B).
This rapid reversibility of quercetin’s inhibitory effect seems inconsistent with a transport
model, and more likely reflects a reversible binding of the flavone to GLUT1 molecules on
the cell surface.

3.3. Measurement of fluorescent quercetin uptake by flow cytometry

To better understand the mode of uptake for quercetin via GLUTL1 (either simple binding or
transport), we needed an assay to measure quercetin uptake. Quercetin is a naturally
fluorescent molecule whose fluorescent characteristics change when it binds proteins [ 39].
We therefore investigated whether we could take advantage of this property to measure and
quantify the association of quercetin with live cells. Analysis of quercetin fluorescence in
PBS solution yielded excitation and emission spectra with a large degree of overlap (Fig
3A). These spectra were significantly shifted in the presence of L929 cells, however,
especially with regard to the emission spectrum (Fig 3B). This shift in emission spectrum
allowed us to employ flow cytometry, set at 488 nm excitation and a 585 nm emission
detection, to measure the binding of 50 uM quercetin to L929 cells (Fig 3C). To measure the
dose-dependent effect of quercetin on cellular fluorescence, cells were incubated with
varying concentrations of quercetin for 15 minutes prior to analysis by flow cytometry. The
mean fluorescent signal obtained from measuring cells without exposure to quercetin was
subtracted from the mean fluorescent signal obtained after exposure to quercetin to obtain a
corrected mean fluorescent intensity (MFI). The results, shown on Fig 3D, indicate
maximum uptake of quercetin between 50-100 UM and a Ky of 8.9 uM in L929 cells. This is
virtually identical to quercetin’s inhibitory effects on 2DG uptake (Fig 1) and is consistent
with a model in which binding of quercetin to GLUT1 directly inhibits its glucose transport
activity.

Because the total pool of GLUT1 transporters in cells is divided between the plasma
membrane and intracellular recycling vesicles, we also performed a single experiment in
which the dose dependent uptake of quercetin was compared in live versus fixed and
permeablized cells. As expected, the fluorescent signal is enhanced when quercetin has
access to internal GLUT1 in the fixed and permeablized cells (inset, Fig 3D). If quercetin is
transported into the cytosol by GLUT1, we would expect a steady, linear increase in
quercetin fluorescence as a function of time. As seen in Fig 3E and Fig 3F, however, a time-
course of quercetin exposure results in a rapid increase in fluorescence with a ty/, of 54
seconds.

Biochimie. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al. Page 6

3.4 Effects of GLUT1 inhibitors, BAY-876 and WZB-117, on quercetin uptake

If quercetin is transported by GLUTZ, it should be possible to block its uptake into the
cytoplasm using other GLUTL1 inhibitors. To address this issue experimentally, we chose to
use BAY-876 and WZB-117, two relatively new and potent inhibitors of GLUT1 [32, 33].
Prior studies suggest that WZB-117 binds to the exofacial side of GLUT1 [32], while the
binding site of BAY-876 has not been determined. As shown in Fig 4A, both of these
compounds inhibit 2DG uptake by over 90%, with BAY-876 having significantly higher
potency (ICsp = 20 nM) than WZB-117 (ICgq = 8.5 uM).

Having validated the inhibitory function of these two compounds in L929 fibroblasts, we
next asked whether they would similarly decrease quercetin uptake by these cells. Quercetin
fluorescence was measured by flow cytometry after a 15-minute incubation of 20, 50, and
100 uM concentrations in the presence of a maximally effective concentration of either
BAY-876 (1 uM) or WZB-117 (100 uM). The results shown in Fig 4B indicate that quercetin
uptake was inhibited by WZB-117, but not by BAY-876. The effects of 100 uyM WZB-117 or
1 uM BAY-876 on the uptake of quercetin at its highest concentration (100 uM) are shown in
Fig 4C.

3.5 Combined effects of cytochalasin B and quercetin

The classic inhibitor of GLUT proteins is cytochalasin B, which binds to the endofacial site
of GLUTL1 and is a competitive inhibitor of glucose exit [37, 38]. The effects of cytochalasin
B on quercetin uptake were measured by incubating cells for 15 minutes with 100 uM
quercetin plus, 0, 15, or 50 uM cytochalasin B. The results, reported on Fig 5A, indicate that
cytochalasin B does not inhibit, but actually enhances quercetin uptake. In addition,
quercetin also enhances cytochalasin B binding in a dose dependent manner (Fig 5B). One
interpretation of these data is that the exofacial binding of quercetin enhances or stabilizes
the endofacial binding of cytochalasin B and vice versa. Since both inhibitors appear to
simultaneously bind to GLUT1, we would predict that the combined inhibitory effects
should be greater than the effects of either inhibitor alone. To test this, we measured the
2DG uptake in the presence of either 50 UM cytochalasin B, 100 uM quercetin, or both. The
uptake results were normalized to uptake in cells treated with the vehicle, DMSO, and are
reported on Fig 5C. As predicted, the combined inhibitory effect of cytochalasin B and
quercetin was greater than the individual effect of either inhibitor.

4. Discussion

Quercetin is a relatively abundant bioactive flavonoid with a wide variety of documented
physiological effects, which has gained popularity as a nutritional supplement [4d]. There is
increasing interest in quercetin’s anticancer properties (for recent reviews see [5, 6, 40-43]).
It is important to note that many cancers are highly glycolytic and have increased lactate
production in spite of the presence of adequate oxygen and the maintenance of normal
oxidative metabolism. Known as aerobic fermentation, or the Warburg effect, this increased
metabolism of glucose is often achieved by an increased expression of GLUTL [21, 44, 45].
Thus, GLUT1 has emerged as a potential target for the development of new anticancer
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therapies in spite of the potential negative effects of GLUT1 inhibition on neural glucose
transport [ 32, 46].

The initial goal of this study was to investigate the effects quercetin on glucose uptake in
L929 mouse fibroblast cells, which rely exclusively on GLUT1 for glucose uptake [34].
Quercetin inhibits 2DG uptake in L929 cells in a dose dependent manner with a maximum
inhibition of about 90% inhibition achieved between 50 and 100 uM and a ICgq of 8.5 UM.
We also showed quercetin increased the K, of 2DG uptake without a change in the Vp,x of
transport, which is consistent with competitive inhibition. These data are virtually identical
to data from HL-60 cells where the I1Csq was reported as 8 uM [14]. We also confirmed
earlier studies that the oxidized form of quercetin does not inhibit 2DG uptake [17].

In our hands, the inhibitory activity of quercetin is immediate (concurrent with 2DG uptake),
and is rapidly reversible upon simple washing of cells. This finding was different from what
we had anticipated, since inhibitors that are transported into the cytoplasm typically take
time to diffuse back out of cells, and therefore exert prolonged inhibitory effects. The rapid
recovery of 2DG uptake after a single washing step was our first hint that quercetin may be
simply binding to the GLUT 1 and not transported by the GLUT as previously reported
[11-13).

To approach the question of whether quercetin simply binds to GLUT1 or is also
transported, we developed a novel assay for measuring quercetin in cells. We took advantage
of the natural fluorescence of quercetin and the dramatic red shift of the emission spectra
that occurs as quercetin binds to cells [39]. This shift allowed us to use flow cytometry to
measure fluorescence of quercetin in individual cells. The dose dependent uptake of
quercetin was maximized between 50 and 100 uM, with a K4 of 8.9 pM-values that are
essentially identical to the inhibitory effects of quercetin on 2DG uptake. The time-course of
quercetin uptake was rapid, with half max uptake time of 54 seconds that again matches the
rapid onset and loss of its inhibition on 2DG uptake.

The flow cytometry assay we developed, as well as previously employed quercetin uptake
assays [13, 14], are not able to distinguish between simple quercetin binding to the cell
surface and its incorporation into the cell. The 2DG uptake results with quercetin, therefore,
could be consistent with a transport process that rapidly comes to equilibrium, similar to
what is observe in 3-O-methylglucose uptake assays. However, the observation that the total
quercetin binding capacity of permeabilized cells is more than double that of live cells
suggests that transported quercetin should be retained in the cell by binding to internalized
GLUT1. This increased binding capacity of permeabilized cells is also consistent with an
alternate interpretation of the time-dependent quercetin binding data. The binding of
quercetin was modeled as a simple equilibrium binding process with a t;/, = 54 sec.
However, these data are also consistent with a rapid initial binding of quercetin to GLUT1
followed by slow doubling of the binding over 40 minutes as GLUT1 cycles from and to the
cell surface gradually ‘labeling’ the vesicular GLUT1 pool. It has been reported that the
recycling time for GLUT1 after endocytosis is 45 minutes [47]. This model of GLUT1
regulation differs from what would be expected in erythrocytes, which do not traffic surface
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nutrient transporters in the same way as other cell types such as fibroblasts and epithelial
cells.

To help resolve the question of simple binding versus transport, we reasoned that if quercetin
is transported by GLUT1, we should be able to block its uptake by other GLUT1 inhibitors.
We initially investigated the effects of two newly identified GLUT1 inhibitors, BAY-876 and
WZB-117. WZB-117 was first identified as a small molecule inhibitor of GLUTL1 that had
anticancer activity in a nude mouse model [3Z]. Subsequently, the inhibitory and binding
properties of WZB-117 were systematically investigated in erythrocytes and transformed
HEK?292 cells where it was shown to be an exofacial inhibitor binding preferentially to the
central glucose channel in the outwardly open GLUT1 conformation [3Z]. More recently,
BAY-876 was identified as the first highly selective inhibitor of GLUT1 with a reported ICsg
of 2 nM for GLUT1, which was 150-5000 times lower than its ICsq for GLUT2, GLUT3, or
GLUT4 [33]. There are no additional studies utilizing this inhibitor which delineate its
mechanism of action. Our data reveal that both of these compounds are robust inhibitors of
GLUT1-mediated 2DG uptake in L929 cells. The ICsq for WZB-117 inhibition of 2DG
uptake in L929 cells is close to the values reported for its inhibition of 3-O-methylglucose
uptake in erythrocytes (ICsp = 6.2 uM) [3Z] and its inhibition of cancer growth (ICsg = 10
uUM) [31]. In contrast, the ICsq for BAY-876 is about 10-fold higher than previously reported
[33]. This discrepancy can likely be attributed to the utilization of different assays for
measuring glucose uptake and different cell types. In this study we utilized a 2DG uptake
assay in L929 fibroblast cells, which is a more direct measure of GLUT1 transport activity
while the previous study that utilized a luciferase assay for cellular ATP content in rotenone-
poisoned CHO cells as a proxy for GLUT transport activity.

Somewhat unexpectedly, WZB-117 and BAY-876 differed in their effect on quercetin
uptake. WZB-117 reduced quercetin uptake, consistent with inhibiting transport, but the
more robust glucose uptake inhibitor, BAY-876, had no effect on quercetin uptake. Our
findings with cytochalasin B are also inconsistent with quercetin transport. This classic
potent inhibitor of GLUT1 activity actually increases the binding of quercetin to L929 cells.
Unlike WZB-117, cytochalasin B is an endofacial binding inhibitor of the GLUT1 [37, 34],
which provides some information about the mode by which quercetin engages transporters.
We also found that quercetin enhances cytochalasin B binding, which suggests that both
inhibitors can simultaneously bind to GLUT1. A dual binding of quercetin and cytochalasin
B is consistent with the observation that the combined inhibitory effects of these two
compounds are greater than the inhibition of either alone.

The most straightforward interpretation of these data is that cyochalasin B binds at an
endofacial site on GLUT1, which stabilizes the external binding of quercetin, and
conversely, the external binding of quercetin on GLUT1 stabilizes the endofacial binding of
cytochalasin B. This model conflicts with a previous study that demonstrated that quercetin
inhibited cytochalasin B binding to GLUT1 [14]. That study, however, measured binding in
unsealed erythrocyte ghosts where quercetin has access to both the internal and external
surfaces of GLUT1. We propose that quercetin does not inhibit cytochalasin B binding in
live L929 cells because it is not transported into the cells, and therefore does not have access
to the endofacial cytochalasin B binding site. Our observation of the dual binding of
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quercetin and cytochalasin B is similar to the effects of WZB-117 on cytochalasin B
binding. WZB-117 did not inhibit cytochalasin B binding in intact human erythrocytes, but
did inhibit cytochalasin B binding in protein depleted membranes where WZB-117 has
access to both surfaces of the erythrocyte membrane [32]. The authors concluded from that
observation that WZB-117 was not transported by GLUTL1 into erythrocytes.

The simple carrier model for GLUT1 transport activity proposes that the transporter
alternates between an outward facing glucose binding site and an inward, cytoplasmic,
facing glucose binding site. Cytochalasin B is an endofacial inhibitor and appears to
preferentially bind to the open, inward facing conformation [32, 48, 49]. The mutual
enhancement of quercetin and cytochalasin B binding suggests that both compounds
preferentially bind to GLUTL in the inward facing glucose binding site conformation. Thus,
WZB-117, which binds to outward facing conformation, would be expected to reduce the
preferential binding of quercetin to the inward facing conformation, which is exactly what
we observe. This is in precise agreement with the model for quercetin inhibition of GLUT1
proposed from kinetic and binding studies in erythrocytes [Z0]. The observation that
BAY-876 does not affect quercetin binding indicates that further studies are needed to map
its binding or interactions with GLUT1.

5. Conclusions

In conclusion, this study confirmed that quercetin is a competitive inhibitor of 2DG uptake
and also demonstrated that WZB-117 and BAY-876 are robust inhibitors of GLUT1 in L929
cells. We measured quercetin binding utilizing a newly developed flow cytometry assay and
show that quercetin’s binding directly mirrors its inhibitory activity on 2DG uptake. Based
on the immediate onset and loss of both quercetin’s uptake and its inhibitory activity, as well
as the failure of robust glucose inhibitors to block quercetin’s interaction, we suggest that in
L929 cells, quercetin simply binds, but is not transported into cells via the glucose transport
channel in GLUTL.
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Research Highlights

Quercetin is a competitive inhibitor of 2DG uptake in GLUT1 expressing
cells

BAY-876 and WZB-117 are also potent inhibitors of GLUT1 activity

Cytochalasin B, an endofacial-binding inhibitor of GLUT1, enhances
quercetin binding

WZB-117 inhibits and BAY-876 has no effect on quercetin binding

Quercetin binds to an exofacial site, but is not likely transported by GLUT1.
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Figure 1.
Effects of quercetin on 2DG uptake in L929 fibroblast cells. Panel A: Dose-dependent

effects. 2DG uptake was measured at various concentrations of quercetin, ranging from
0-200 uM. Uptake data (n=8) were normalized to basal uptake (0 mM quercetin) at 100%,
and displayed as means * S.E. with a best-fit line to simple decay. All quercetin treatments
were significantly lower at P < 0.01. Inset shows structure of quercetin with grey panels
indicating the sites oxidized by ferric cyanide. Panel B: Oxidation of quercetin. 2DG uptake
was measured in the presence of either no additions (Con), 2.0 mM potassium ferric cyanide
(FeCN), 100 uM quercetin (Quer), or both (FeCn+Quer). Uptakes were normalized to
control and reported as means + S.E. Panel C: Kinetics of 2DG uptake. 2DG uptake was
measured at 0.5, 1.0, 5.0, 10, 20, and 40 mM 2DG in the absence or presence of 100 uM
quercetin and reported as nmol/15min/well. Data are means + S.E. of quadruplicate samples
from a representative experiment with a best-fit line to Michaelis-Menten kinetics. Vi and
K, are reported on the table. *Significant from control at P<0.01.
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Figure 2.

Page 15

Uptake Pre-treat Pre-treat
+ Wash

15 min treatment with
100 uM Quercetin

Effects of quercetin treatment times on 2DG uptake in L929 cells. Panel A: Inhibition is
immediate and constant. 2DG uptake was measured in the presence or absence of 100 uM
quercetin for 2, 5, 10, or 20 minutes, normalized to control uptake at 2 minutes and
expressed as means of relative uptake + S.E. All quercetin effects were significantly lower
than control at P<0.01. Panel B: Recovery from quercetin effects. Cells were exposed to 100
UM quercetin for 15 minutes either during the measurement of uptake only, or just prior to
measurement of uptake with or without a wash before measurement of uptake without
quercetin. 2DG uptakes were measured, normalized to control (no exposure to quercetin)
and expressed as means of relative uptake + S.E. "Significant from control at P<0.01.
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Figure 3.
Measurement of quercetin uptake via fluorescence detection. Excitation and emission

spectra of quercetin fluorescence in PBS (Panel A) or in the presence of 500,000 cells in
PBS (Panel B). Dashed line shows excitation laser and grey band shows detection filter of
the flow cytometer. Panel C: dot plot showing quercetin’s fluorescence intensity of
individual cells after exposure to 0 or 50 uM quercetin for 15 minutes. Panel D: dose
response of fluorescence intensity after a 15-minute exposure to 12.5, 25, 50, or 100 pM
quercetin. Data for triplicate measurements are reported as mean intensity fluorescence +
S.E. Inset shows results of a single dose dependent experiment with 15-minute exposures to
either live cells or fixed and permeablized cells. Panel E: results of a single experiment
where L929 cells were exposed to 50 uM quercetin for 1, 7, 20, or 40 minutes. Data is
reported as a histogram of cells at increasing fluorescence. Panel F: composite results from
duplicate samples with results reported as mean intensity fluorescence + S.E.
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Figure 4.
Effects of GLUT1 inhibitors on 2DG uptake and quercetin binding. Panel A: 2DG uptake

was measured in L929 cells in the presence of either BAY-876(0-1 uM) or WZB-117 (0-100
UM). Uptakes for each inhibitor were normalized to control (no inhibitor) and reported as
percent uptake + S.E with best fit line. Panel B: quercetin fluorescence was measured after a
15-minute exposure to 20, 50, or 100 UM quercetin in the presence of no inhibitor (vehicle)
or maximum effective concentrations of either WZB-117 (100 uM) or BAY-876 (1.0 uM).
Corrected mean fluorescence intensity + S.E. from duplicate samples is shown. Panel C:
quercetin fluorescence was measured after a 15-minute exposure to 100 uM quercetin in the
presence of no inhibitor (vehicle) either 100 uM WZB-117 or 1.0 uM BAY-876. Results
from three separate experiments were normalize to vehicle and reported as relative mean
fluorescence intensity + S.E. *Significant from control at P<0.01.
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Figure 5.
Combined effects of quercetin and cytochalasin B on inhibitor binding and 2DG uptake.

Panel A: fluorescence was measured by flow cytometry of L929 cells exposed for 15-
minutes to 100 uM quercetin plus 0, 15 or 50 uM cytochalasin B. Quercetin fluorescence is
reported as corrected mean fluorescence intensity. Panel B: binding of radioactive
cytochalasin B in the presence of 10, 25, 50, or 100 uM quercetin was measured for
triplicate samples and reported as DPM = S.E. Panel C: 2DG uptake was measured in the
presence of either no inhibitor or 50 uM cytochalasin B, or 100 pM querctin or both.
Uptakes were normalized to vehicle treatment (DMSQ) and reported as relative 2DG uptake
+ S.E. "Significant from control at P<0.01.
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