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Abstract

Caffeine has been shown to be a robust uncompetitive inhibitor of glucose uptake in erythrocytes.
It preferentially binds to the nucleotide-binding site on GLUTL in its tetrameric form and mimics
the inhibitory action of ATP. Here we demonstrate that caffeine is also a dose-dependent,
uncompetitive inhibitor of 2-deoxyglucose (2DG) uptake in L929 fibroblasts. The inhibitory effect
on 2DG uptake in these cells was reversible with a rapid onset and was additive to the competitive
inhibitory effects of glucose itself, confirming that caffeine does not interfere with glucose
binding. We also report for the first time that caffeine inhibition was additive to inhibition by
curcumin, suggesting distinct binding sites for curcumin and caffeine. In contrast, caffeine
inhibition was not additive to that of cytochalasin B, consistent with previous data that reported
that these two inhibitors have overlapping binding sites. More importantly, we show that the
magnitude of maximal caffeine inhibition in L929 cells is much lower than in erythrocytes (35%
compared to 90%). Two epithelial cell lines, HCLE and HK2, have both higher concentrations of
GLUT1 and increased basal 2DG uptake (3e4 fold) compared to L929 cells, and subsequently
display greater maximal inhibition by caffeine (66e70%). Interestingly, activation of 2DG uptake
(3-fold) in L929 cells by glucose deprivation shifted the responsiveness of these cells to caffeine
inhibition (35%e70%) without a change in total GLUT1 concentration. These data indicate that
the inhibition of caffeine is dependent on the activity state of GLUT1, not merely on the
concentration.
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1. Introduction

The facilitated glucose transporter, GLUT1 (SLC2A1), is expressed in a wide variety of cell
types and is generally thought to be responsible for basal uptake of glucose, though it
responds to changing metabolic conditions as well [1]. Chronic exposure to cell
stressorsdsuch as hypoxia, hypoglycemia, and AMP kinase activationdincrease GLUT1
protein expression [2—4]. In addition, this transporter appears to be overexpressed in a
number of cancers, especially those driven by KRAS mutations, thereby accelerating
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glucose uptake [5-9]. However, there is increasing evidence that the transport activity of
GLUT1 can also be regulated acutely in the absence of new protein synthesis. This acute
regulation is distinctly different from, and possibly more varied than, the more widely
understood transporter, GLUT4, where exposure to insulin in insulin-sensitive tissues and
increased contractile activity in myocytes both enhance glucose uptake by stimulating the
translocation of GLUT4 transporters from internal stores to the cell surface [10]. The
complexity of the acute GLUT1 regulation depends, at least in part, on cell type. For
instance, hypoglycemia stimulates GLUT1-mediated glucose uptake in brain capillary
endothelial cells via activation of AMP kinase, leading to an increase in the membrane
concentrations of GLUT1 [11]. In contrast, hypoglycemia and other cell stressorsdsuch as
azide treatment or hyper-osmolaritydincreased glucose uptake in clone 9 cells, also via
activation of AMP kinase, but without a detectable change in concentration of cell surface
GLUT1 [12,13]. The change in activity was attributed to a change in the membrane or lipid
environment of the transporter [12,14-17]. L929 fibroblast cells, which express GLUT1 at a
relatively low concentration, are particularly sensitive to a variety of small molecule
activators with different kinetic patterns, suggesting that there may be multiple mechanisms
for the acute activation of GLUTL1 in this cell line [18-20].

The structure and activity of GLUT1 has been most intensively studied in erythrocytes, in
which this transporter makes up 10e20% of membrane protein content. Carruthers has
shown that, while GLUT1 can exist and transport glucose as monomers, dimers and
tetramers, in erythrocytes GLUT1 exists predominately as homotetrameric complexes. These
tetramers are stabilized by an internal disulfide bond within each GLUT1 monomer and have
greater transport activity than the monomeric or dimeric forms [1,21]. The self-association
of GLUT1 has also been demonstrated in kidney cells where it is dependent, at least in part,
on GLUT1 concentration [22]. Thus, stimulated association of GLUT1 into tetramers is an
appealing mechanism to explain the acute activation of glucose uptake in L929 cells, but this
dynamic multimerization has yet to be directly demonstrated. Given the sensitivity of acute
GLUT1 activation to cysteine chemistry, however, it remains possible that the activation of
glucose uptake in L929 cells involves an increase in tetramer formation driven by a dynamic
regulation of disulfide bond chemistry within individual GLUT1 proteins [23-27].

One indirect means of demonstrating the presence of tetramers within a given cell line is to
test its response to an inhibitor of glucose transport that preferentially binds to and inhibits
the tetramer form of GLUT1. One such inhibitor is the nucleotide triphosphate ATP, which
acts as an uncompetitive inhibitor of GLUTL1. The nucleotide-binding site maps to an
endofacial site that is only available in tetramers [28,29], and is lost when tetrameric
structure is disrupted [30,31]. Recently, it was shown that caffeine mimics ATP by binding
to this nucleotide-binding site and eliciting a similar conformational change in GLUT1 that
is induced by ATP [32,33].

Therefore, the purpose of this study was to determine whether the inhibitory efficacy of
caffeine changes in cells with variable GLUT1 activities. Cells such as L929 cells, have low
concentrations of GLUT1 with low basal glucose uptakes, while HCLE and HK2 cells have
higher concentrations of GLUT1 and higher basal glucose uptakes. In addition, a brief
period of glucose-deprivation activates uptake in L929 cells without a change in GLUT1
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concentration. Comparison of the effects of caffeine in L929, HK2, HCLE and glucose-
deprived L929 cells will help us determine if caffeine inhibition is simply a function of
GLUT1 content or a function of the activity state of GLUTL1.

2. Materials and methods

2.1. Chemicals and antibodies

Curcumin, cytochalasin B, and caffeine were purchased from the Sigma-Aldrich Chemical
Company (St. Louis, MO, USA) and 2-deoxy-D-glucose- [1,2-3H] (2DG) from Moravek
Biochemicals (Brea, CA, USA). Antibodies to GLUT1 and b-actin were purchased from
Epitomics/Abcam (Burlingam, CA) and Cell Signaling Technology (Danvers, MA),
respectively.

2.2. Cell culture

L929 mouse fibroblast cells and HK2 (human kidney) cells were obtained from the
American Type Culture Collection. The immortalized human cornealelimbal epithelial
(HCLE) cell line was obtained from Dr. llene Gipson (Department of Ophthalmology,
Harvard Medical School) and maintained as monolayer cultures in Keratinocyte-Serum Free
medium (K-SFM) (Invitrogen, Carlsbad, CA), as previously described [34]. To initiate each
experiment, a 24-well plate was seeded either 1 or 2 days prior to experimentation. The cells
were grown at 37 °C in an incubator supplied with humidified room air with 5% CO,.
Uptake experiments were done with cells near confluency, which is about 1.0 10° cells per
well for HCLE and HK2 cells and 3.0 10° for L929 fibroblast cells.

2.3. Glucose uptake assay

Glucose uptake was measured using the radiolabeled glucose analog 2-deoxyglucose (2DG)
using a modified procedure from previous studies [35]. 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 MgSQy,, 1 mM CaCl,, 2 mM NaPyruvate, 1 mM mannitol) supplemented with
1.0 mM (0.3 mCi/mL) 2DG (1,2-3H). 1.0 mM 2DG is below the K, of transport, 6e8 mM,
and allows us to monitor linear uptake for longer times. After a 15-min 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. In previous
studies, we had included 14C-mannitol in the uptake media as way to detect radioactivity
trapped in interstitial spaces. However, we have found that in monolayered tissue culture
cells, the extracellular radioactivity is efficiently removed by the subsequent washes. Thus,
as a cost saving measure, we no longer include radiolabeled mannitol in the uptake media.

The uptake media was supplemented with caffeine from a 75 mM stock solution in HEPES
to a final concentration indicated in the figure legends. For the kinetics experiment (Fig. 1B),
the concentration of 2DG in the uptake solution was varied as indicated in the figure legend.
For experiments investigating the effects of time (Fig. 2), cells were incubated in DMEM
containing 10 mM caffeine for either a varied length of time prior to measurement of uptake
(Fig. 2A) or for 20 min followed by replacement with DMEM without caffeine for a varied
amount of time (Fig. 2B). For experiments measuring the combined effects of inhibitors
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(Fig. 3) curcumin, cytochalasin B, and glucose were supplied from a 200 stock solution in
DMSO, ethanol and water respectively. Activation of L929 cells (Fig. 4) was accomplished
by incubating cells in DMEM without glucose for 30 min prior to measurement of 2DG
uptake as previously described [19].

2.4. Western blotting

HCLE, HK2 or L929 cells from confluent 6-cm dishes were rinsed with PBS and scraped
directly into 200 mL of lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM sodium glycerophosphate, 1 mM sodium
orthovanadate, 0.5% NP40, 0.1% Brij35, 0.1% sodium deoxycholate) supplemented with
mammalian cell protease inhibitor cocktail (Sigma-Aldrich), and homogenized by brief
sonication. The concentration of cleared whole cell lysate was determined by Bradford assay
along with a two-fold serial dilution of 10 mg/mL BSA to generate a standard curve. Equal
amounts of protein lysate (75 pg) were treated with recombinant PNGaseF to deglycosylate
GLUT1 (prepared from E. coli using the pOPH6 vector from Dr. Shaun Lott, obtained via
Addgene, #40315) [36], separated on a 8% SDS-PAGE gel and transferred overnight to
nitrocellulose membrane using a traditional wet transfer apparatus (TE62 model; Hoefer,
Holliston, MA). The blots were blocked with 3% non-fat dry milk in Tris-buffered saline
containing 0.05% Tween-20 (TBST), and then probed overnight at 4 °C with an anti-GLUT1
rabbit monoclonal antibody (1:1000) and an anti-b-actin mouse monoclonal antibody
(1:3000). After washing off unbound primary antibody, the membranes were incubated for 1
h at room temperature with goat anti-rabbit-IRDye™800 and goat anti-mouse-IRDye™680
secondary antibodies (LiCor, Lincoln, NE) and then imaged with an Odyssey scanner
(LiCor). The signal from each band was quantified using the Odyssey Infrared Imaging
System software (version 3.0.25)

2.5. Statistical analysis

Each 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
+standard error, normalized to control conditions and reported as relative 2DG uptake.
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 1Csgg.

3. Results

3.1. Caffeine is an uncompetitive inhibitor of 2DG uptake in L929 fibroblast cells

It has been recently reported that caffeine is an uncompetitive inhibitor of glucose uptake in
human erythrocytes [32]. The evidence indicates that caffeine binds to the nucleotide-
binding site located on the endofacial side of the transporter and mimics ATP in its
inhibition of GLUT1 [32]. Erythrocytes have an abnormally high concentration of GLUT1
and the dominant structure of GLUT1 is a homotetramer, which is required to generate the
nucleotide-binding site [1,28,30]. However, the effect of caffeine on glucose uptake in cells
where the concentration of the GLUT1 is significantly lower than in erythrocytes is
unknown. We therefore measured the effects of caffeine (varied from 0 to 20 mM) on 2DG
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uptake in L929 fibroblast cells, which exclusively express GLUT1 at a relatively low
concentration [37]. The results, plotted in Fig. 1A with the calculated best fit line, indicate
that caffeine inhibits 2DG uptake in a dose-dependent manner achieving a maximal
inhibition by 10 mM of about 35% and an 1Csq of about 1.4 mM. Either 10 or 20 mM
caffeine was used in subsequent experiments as a maximally effective concentration. The
maximum inhibition by 20 mM caffeine is markedly less than the approximately 90%
inhibition observed in erythrocytes [32]. The kinetics of 2DG uptake was measured in the
presence and absence of 20 mM caffeine with results displayed in Fig. 1B. Treatment with
caffeine triggered a 65% decrease in the V5« of uptake (0.86e0.30 nmol/min) and a 62%
decrease in the K, (13.8e5.3 mM). This parallel decrease in both the Vax and Ky, is
indicative of uncompetitive inhibition, which recapitulates the mode of the kinetic effects of
caffeine in erythrocytes [32].

3.2. Inhibition of caffeine is immediate and reversible

To determine the onset of inhibition, L929 cells were incubated in media containing 20 mM
caffeine during the 15-min 2DG uptake measurement alone, or with a specified pre-
treatment period just prior to the uptake assay. The results, shown in Fig. 2A, report 2DG
uptake as a function of the total exposure time to caffeine. These data demonstrate that
inhibition occurs within the 15-min time-frame required for the measurement of 2DG
uptake, and that the magnitude of inhibition does not increase with different times of pre-
treatment.

We also measured the reversibility of the inhibitory effects by exposing L929 cells to 20 mM
caffeine for 20 min and then chasing them in caffeine-free media for increasing lengths of
time prior to performing 2DG uptake assays. The results, shown in Fig. 2B, indicate that the
inhibitory effect of caffeine is reversed within 30 min.

3.3. Combined effects of caffeine with other inhibitors

Neither the binding of ATP nor caffeine is sensitive to glucose concentration, which predicts
that the inhibitory effect of glucose on 2DG uptake should be additive to both of these
compounds in L929 cells [28,32,33]. To confirm this property of caffeine in L929 cells, we
measured 2DG uptake in the presence of increasing concentrations of glucose with or
without 20 mM caffeine. The results shown in Fig. 3A clearly demonstrate that glucose
reduces 2DG uptake in a dose-dependent manner, and that caffeine adds to the inhibitory
effects of glucose at all doses along this titration.

We were also interested in measuring the combined inhibitory effects of caffeine with other
GLUT1 inhibitors, cytochalasin B and curcumin, as a means to confirm the binding sites of
these inhibitors relative to that of caffeine. We predicted that if the binding sites of the
inhibitors overlap, the maximum inhibitory effects should not be additive since binding of
the compounds would be mutually exclusive. Cytochalasin B is an inhibitor that binds to an
endofacial site on GLUTL that overlaps the nucleotide-binding site, and therefore the
combined inhibitory effects should not be additive [32]. In contrast, the binding site of
curcumin has not been clearly mapped onto GLUTZ, though it inhibits cytochalasin B
binding and is not sensitive to glucose concentration [38,39]. To determine the combined
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effects of inhibitors, we measured 2DG uptake in L929 cells in the presence of maximum
effective concentrations of either cytochalasin B (20 mM), or curcumin (100 mM) without or
with 20 mM caffeine. The results displayed in Fig. 3B show that inhibition by cytochalasin
B, as predicted, is not increased by addition of caffeine, confirming previous results in
erythrocytes [32]. However, the effects of caffeine and curcumin do appear to be additive,
suggesting that these inhibitors likely bind at distinct sites on GLUT1. Alternatively, it is
also possible that these inhibitors target distinct populations of GLUT1 in the tetrameric and
monomeric form and therefore show additive effects because they effectively block the
activity of both species when used in combination.

3.4. Caffeine is a more robust inhibitor in cells with highly active GLUT1

One clear difference between the effects of caffeine on GLUTL1 in erythrocytes compared to
L929 cells is the magnitude of inhibition at 20 mM (90% vs 35% respectively). It is not clear
if this difference is merely a function of the concentration of GLUT1 or more closely
correlated to the activity state of GLUTL. In erythrocytes GLUT1 makes up 10e20% of the
total membrane protein and at this concentration the dominant transporter structure is
homotetramers, which leads to effective caffeine binding and inhibition [1,21]. It has also
been demonstrated in engineered 293FT-HEK cells that an inducible increase in the
expression of GLUT1 leads to an increased aggregation of the transporter [22]. In contrast,
at a lower concentration of GLUT1 (as in L929 cells) more of the transporter may be in
monomeric or dimeric structures with a lesser amount in the tetrameric form, and therefore
have a lower magnitude of caffeine inhibition. Cells with expression levels of GLUT1 that
are intermediate to erythrocytes and L929 fibroblasts would be expected to fall somewhere
within this spectrum of caffeine efficacy. Along the same line of reasoning, “activated” L929
cells would be expected to show increased sensitivity to caffeine if the activation process
involved a dynamic association of monomer and dimers forms of GLUT1 into tetramers.

To determine whether the efficacy of caffeine inhibition on 2DG uptake is a function of
GLUT1 content or of activity level, we measured the effects of caffeine on 2DG uptake in
HK2 and HCLE cells, which display an elevated expression of GLUT1 compared to L929
cells. At the same time, we also measured the effect of caffeine on 2DG uptake in L929 cells
activated by glucose deprivation. The dose-dependent effects of caffeine on 2DG uptake in
HCLE, HK2 and activated L929 cells were normalized to untreated L929 cells without
caffeine, and are shown in Fig. 4A. Data from untreated L929 cells (Fig. 1A) are included
for comparison. Basal 2DG uptakes (0 mM caffeine) in HCLE, HK2, and activated L929
cells are 3.9 and3.1 and 3.1-fold higher than the control, respectively, and are dose-
dependently inhibited by caffeine.

To better demonstrate differences in the magnitude of caffeine inhibition on 2DG uptake, we
normalized the data from each cell type to its respective basal uptake at 0 mM caffeine and
then expressed the uptake as a percent inhibition (Fig. 4B). HCLE cells were the most
sensitive to caffeine inhibition at lower concentrations but displayed a maximal inhibition
similar to that of HK2 and activated L929 cells. Data summarized in Fig. 4C clearly show
the similarity between maximal effects at 20 mM caffeine in these cellular models (all near
70%), which is significantly greater than the 35% inhibition observed in basal L929 cells.
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Western blots of 75 mg of protein from extracts of L929 cells, activated L929 cells, HCLE
cells, and HK2 cells, shown in Fig. 4D. Interestingly, the epithelial cell lines, HK2 and
HCLE, appear to express higher concentrations of actin than the L929 fibroblast cell line.
GLUT1 was isolated as a 32 kD protein, which is the size of deglycosylated GLUT1. The
GLUT1 concentration was normalized to the actin content in the extract and the results
indicate that HK2 and HCLE cells have a 2.3 and 2.2 higher GLUT1 concentrations than
L929 cells. Activation of glucose uptake in L929 cells does not alter the concentration of
GLUTZ1. This provides evidence that the efficacy of caffeine is not merely related to the
absolute amount of GLUT1 present in cells, but also to the activation state of GLUT1.

4. Discussion

Caffeine binds to the ATP binding site located on the endofacial side of GLUT1, and like
ATP, is a potent uncompetitive inhibitor of GLUT1 activity [32,33]. However, this work was
done in erythrocytes where the concentration of GLUT1 is particularly high (10e20% of
membrane protein) and thus the effects of caffeine may be unique to these cells.

In erythrocytes the dominant structure of GLUTL is a homotetramer, which has greater
transport activity than the dimer and monomer forms of GLUT1 [1,40]. The tetramer is
stabilized by the formation of an internal disulfide bond between Cys347 and Cys421 within
each subunit [21,40]. ATP binds to the tetramer form, and thus exposure of erythrocytes to a
reducing agent leads to the transition of GLUT1 tetramers to dimers and the subsequent loss
of ATP binding and inhibition [30,31]. Caffeine binds to the same site as ATP and induces a
similar conformational change in GLUT1. Specifically, both ATP and caffeine appear to
trigger a conformational change that brings the C-terminus of GLUT1 closer to the
intracellular loop connecting transmembrane helices 6e7, creating a ‘cage-like” structure
around the endofacial exit site for glucose transport that likely impedes the release of
glucose into the cytoplasmic space [32]. This does not affect glucose exchange through the
transporter but does lead to uncompetitive inhibition of net glucose uptake. These data
suggest that caffeine inhibition may be an indirect probe for the tetrameric structure of
GLUTZ1. Therefore, the purpose of this study was to determine if caffeine inhibits glucose
uptake in other GLUT1 expressing cells and if the inhibition correlates with the content level
and/or activity level of the transporter.

The L929 fibroblast cell line, which we have used to characterize glucose uptake by
GLUT1, presents a unique cellular model in contrast to erythrocytes. These cells express
exclusively GLUTZ, but at a much lower level than in erythrocytes [37]. We show that
caffeine inhibits 2DG uptake in L929 cells in a dose-dependent manner with uncompetitive
kinetics, which mirrors its effects in erythrocytes. The effects of caffeine are immediate and
reversible, and are also additive to the competitive inhibitory effects of glucose, which is
consistent with previous work showing that caffeine does not interfere with glucose binding
sites [32]. We also show that the inhibition by caffeine is not additive to the effects of
cytochalasin B. This is again consistent to the results from erythrocytes, where the high
affinity binding sites for caffeine and cytochalasin B map to overlapping sites and caffeine
can inhibit specific 3H-cytochalasin B binding [32]. Finally, it had been suggested by an
earlier study that curcumin might share a binding site with caffeine based on the observation
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that both inhibitors compete with cytochalasin B binding but not with glucose [38].
However, contrary to that suggestion, we show that the inhibitory effects of the maximally
effective concentrations of caffeine and curcumin are additive, indicating that these
inhibitors do not share binding sites.

In spite of the similarities of caffeine’s effects in L929 cells and erythrocytes, a major
difference can be identified in the magnitude of inhibition (35% versus 90%). It initially
seems reasonable to conclude from this finding that the reduced magnitude of caffeine
inhibition in L929 cells is simply a function of the lower concentration of GLUTL. It is
reasonable to expect that as the concentration of GLUT1 in the membrane increases, the
close proximity of the transporters would produce more GLUT1 tetramers, and therefore, be
more responsive to inhibition by caffeine. This is in fact what is observed in erythrocytes.
These cells have high GLUT1 concentrations and aggregate as tetramers, and as a result, are
highly responsive to inhibition by caffeine [1,21]. In addition, increasing the expression of
GLUT1 in kidney cells, leads to a dose dependent aggregation of GLUT1 [22]. Therefore, to
test if GLUT1 concentration is important, we measured caffeine’s effects in HCLE and HK2
cells, both of which express significantly more GLUT1 than L929 cells [41]. As expected,
both HCLE and HK2 cells also have higher basal rates of 2DG uptake. In line with these
observations, we found that both cell types are much more responsive to caffeine, with
maximal inhibition at about 70%, which approaches the 90% inhibition observed in
erythrocytes.

While the data in HK2 and HCLE cells supports a role for GLUT1 abundance in cellular
response to caffeine, our parallel study with “activated” L929 cells demonstrates that the
maximal effect of caffeine on 2DG transport is not simply a function of cellular GLUT1
content. L929 cells deprived of glucose for 20 min display 2DG uptakes greater than 3-fold
that of basal cells, but show no change in cellular GLUT1 content. Interestingly, the
stimulated uptake rate in L929 cells is similar in magnitude to the basal uptake rates in
HCLE and HK2 cells, and in this context L929 cells are similarly inhibited by caffeine (Fig.
4A). As such, the inhibitory effect of caffeine appears to be more sensitive to the activity
state of GLUT1 than to the total GLUT1 content.

If caffeine binds only to GLUT1 tetramers in L929 cellsdas has been reported to be the case
in erythrocytesdit seems likely that glucose deprivation stimulates tetramer formation by
GLUT1 in L929 cells. Though this supposition has yet to be proven formally by biochemical
isolation of tetramers in L929 cells, it is consistent with a model in which acute activation of
glucose uptake is driven by dynamic changes in the thiol chemistry of GLUTZ, shifting its
quaternary structure to favor the tetrameric structure. Previous work by our lab has shown
that the activation of 2DG uptake in L929 cells depends on thiol chemistry [23-27]. For
example, nitroxyl (HNO), which promotes disulfide bond formation especially in
hydrophobic environments [42—-44], stimulates 2DG up-take 5-fold within 2 min and this
activation is blocked by thioreactive compounds such as pretreatment with
iodoacetamide[25]. This is consistent with the notion that nitroxyl chemically promotes a
disulfide formation within GLUT1 that leads to stabilization of the tetramer structure.
However, future work, beyond the scope of this study, needs to be done to directly detect
formation of GLUTL1 tetramers within the membrane if this mechanism is to be confirmed.

Biochimie. Author manuscript; available in PMC 2018 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gunnink et al. Page 9

5. Conclusions

This study reports that caffeine directly inhibits 2DG uptake in a dose-dependent manner in
multiple GLUT1 expressing cells. The inhibition is immediate and reversible, and the
magnitude of inhibition correlates with the activation level of GLUT1 rather than simply
with the expression level of the transporter. The data are consistent with a model of
activation of GLUT1 that involves an active multimerization of the transporter.
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Effects of caffeine in L929 fibroblast cells. Panel A: Dose-dependent effects. 2DG uptake
was measured at various concentrations of caffeine, ranging from 0 to 20 mM. Data (n ¥ 20)
were normalized to basal uptake (0 mM caffeine), and the relative up-takes are expressed as
means + S.E. with a best-fit line to simple decay. All caffeine treatments were significantly
lower at P < 0.01. Inset shows structure of caffeine. Panel B: 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
20 mM caffeine and reported as nmol/min/well. Data are means * S.E. of quadruplicate
samples from a representative experiment with a best-fit line to Michaelis-Menten kinetics.
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Fig. 2.
Effects of time on the inhibitory effects of caffeine. Panel A: Exposure time to curcumin.

L929 fibroblast cells were treated with 10 mM caffeine during the 2DG uptake only (15
min) or to additional times prior to 2DG uptake. The total exposure time to caffeine is shown
on the legend. 2DG uptakes were measured, normalized to control and expressed as means
of relative uptake = S.E. All caffeine effects were significantly lower than control at P <
0.01. Panel B: Recovery from caffeine effects. Cells were treated with media containing 10
mM caffeine for 20 min. The media was replaced with caffeine-free media to recover for 0,
15, 30, 45, or 60 min 2DG uptakes were measured, normalized to control and expressed as
means of relative uptake + S.E.*Significant from control at P < 0.05.™"Significant from
control at P < 0.01.
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Combined effects of caffeine with other inhibitors of glucose uptake. Panel A: Effects of
glucose. 2DG was measured in L929 cells in the presence of increasing concentrations of
glucose with or without 20 mM caffeine. 2DG uptakes in caffeine treated cells were
significantly lower at P < 0.01 at all concentrations of glucose. Panel B: Effects of curcumin
and cytochalasin B. 2DG was measured in L929 cells in the absence or presence of 20 mM
caffeine, either alone (Con) or with the addition of 200 mM curcumin (Cur) or 20 mM
cytochalasin B (CytB).*Significant from control at P < 0.01.
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Fig. 4.

Caffeine inhibition in cells with higher GLUTL1 activity. Panel A: Caffeine’s effect on 2DG
uptake. 2DG uptake was measured in L929 cells, L929 cells activated by glucose deprivation
(L929-NG), HCLE cells, and HK2 cells in the presence of 0, 1, 2, 5, 10, or 20 mM caffeine,
and the results were normalized to L929 control cells at 0 mM caffeine and expressed as
means of relative uptake = S.E with best fit line to simple decay. Panel B: Percent inhibition.
The uptake data from each cell type in Panel A were each normalized to their respective
uptake at 0 mM caffeine, expressed as percent inhibition, and displayed as means + S.E with
best fit line. Panel C: Maximum effects of caffeine. Bar graph shows the percent inhibition
S.E. of 2DG uptake at 20 mM caffeine. Panel D: GLUT1 Western blot. 75 mg of protein
from cell extracts treated with PNGaseF of L929 cells treated with or without glucose,
HCLE cells, and HK2 cells were separated by electrophoresis and probed with anti-GLUT1
and anti-actin antibodies as described. Numbers indicate fold change in GLUT1 normalized
to actin compared to control (L929 + glucose).
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