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Abstract

Curcumin, a major ingredient in turmeric, has a long history of medicinal applications in a wide 

array of maladies including treatment for diabetes and cancer. Seemingly counterintuitive to the 

documented hypoglycemic effects of curcumin, however, a recent report indicates that curcumin 

directly inhibits glucose uptake in adipocytes. The major glucose transporter in adipocytes is 

GLUT4. Therefore, this study investigates the effects of curcumin in cell lines where the major 

transporter is GLUT1. We report that curcumin has an immediate inhibitory effect on basal 

glucose uptake in L929 fibroblast cells with a maximum inhibition of 80% achieved at 75 μM 

curcumin. Curcumin also blocks activation of glucose uptake by azide, glucose deprivation, 

hydroxylamine, or phenylarsine oxide. Inhibition does not increase with exposure time and the 

inhibitory effects reverse within an hour. Inhibition does not appear to involve a reaction between 

curcumin and the thiol side chain of a cysteine residue since neither prior treatment of cells with 

iodoacetamide nor curcumin with cysteine alters curcumin’s inhibitory effects. Curcumin is a 

mixed inhibitor reducing the Vmax of 2DG transport by about half with little effect on the Km. The 

inhibitory effects of curcumin are not additive to the effects of cytochalasin B and 75 μM 

curcumin actually reduces specific cytochalasin B binding by 80%. Taken together, the data 

suggest that curcumin binds directly to GLUT1 at a site that overlaps with the cytochalasin B 

binding site and thereby inhibits glucose transport. A direct inhibition of GLUT proteins in 

intestinal epithelial cells would likely reduce absorption of dietary glucose and contribute to a 

hypoglycemic effect of curcumin. Also, inhibition of GLUT1 activity might compromise cancer 

cells that overexpress GLUT1 and be another possible mechanism for the documented anticancer 

effects of curcumin.
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1. Introduction

Curcumin is a yellow-colored polyphenol found in Curcuma longa, commonly known as 

turmeric, with a long history of medicinal applications in China and Southeast Asia. A wide 

variety of physiological properties for curcumin have been documented over the last 20 

years. This research record includes over 7000 individual studies exploring the molecular 

basis for curcumin’s antioxidant, antiplatelet, anti-inflammatory, anti-apoptosis, 

antibacterial, anti-fungal, antiviral, anticancer, antidiabetic properties and over 100 clinical 

trials exploring the efficacy of this compound in the treatment of chronic disease such as 

diabetes, cancer, autoimmune, cardiovascular, neurological and psychological [1–4]. Much 

of the recent work summarized in over 400 review articles has focused on curcumin’s 

efficacy as an anticancer agent in a wide variety of cancers [3,5,6] including gastrointestinal, 

colon [7,8], and glioblastoma [9] as examples. The mechanisms of action are diverse ranging 

from inhibition of several common cancer promoting pathways such as MAPK, Akt, HF-kB, 

and Cox-2 [10,11] to decreasing microRNA, miR-21 [12].

The beneficial effects of curcumin on diabetes have also been noted [2,13–16] citing an 

enhancement of insulin sensitivity and lowering of blood glucose levels in multiple animal 

diabetic models [17–22]. Recently, however, curcumin has been reported to block the 

stimulatory effect of insulin in 3T3-L1 adipocytes [23] and shown to have an immediate, 

irreversible inhibitory effect in primary rat adipocytes suggesting a more direct interaction of 

curcumin with the glucose transporter [24]. This inhibition likely represents an interaction of 

curcumin with the major transporter in cells, GLUT4, however, little is known about the 

potential interaction of curcumin with the more widely expressed glucose transporter 

isoform, GLUT1. Therefore, in this study we investigate the effects of curcumin on glucose 

uptake in L929 fibroblast cells, which express exclusively GLUT1 [25] and other GLUT1-

expressing cell lines. Given the similar structures of the GLUT proteins, we hypothesized 

that curcumin would inhibit the transport activity of GLUT1. In addition, the previously 

reported irreversible inhibitory effect of curcumin in adipocytes [24] might imply the 

formation of a covalent adduct. The chemical structure of curcumin contains two α-β 
unsaturated carbonyl motifs, which are excellent Michele acceptors of thiols in a 1–4 

nucleophilic addition reaction. We have previously shown in a number of studies that thiol 

chemistry (cysteine residue) is likely involved in the acute regulation of GLUT1 activity in 

L929 cells [26–29]. A chemical reaction between a cysteine residue and curcumin might 

explain the irreversible effects of curcumin on GLUT4. If a covalent adduct is indeed 

required for curcumin’s inhibitory effects, we would predict that either prior treatment of 

cells with iodoacetamide (IA) to react with free thiols, or pretreatment of curcumin with 

cysteine should block the inhibitory effects of curcumin.

2. Materials and methods

2.1. Chemicals

Curcumin (Cur), hydroxylamine (HA), iodoacetamide (IA), phenylarsine oxide (PAO), and 

sodium azide (Az) were purchased from the Sigma-Aldrich Chemical Company (St. Louis, 

MO, USA) and 2-deoxy-D-glucose- [1,2-3H] (2DG) and D-mannitol-1-14C were purchased 
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from Moravek Biochemicals (Brea, CA, USA). 3H-cytochalasin B was purchased from 

Amersham Biosciences.

2.2. Cell culture

L929 mouse fibroblast cells and HK2 (human kidney) cells were obtained from the 

American Type Culture Collection. The immortalized human corneal–limbal epithelial 

(HCLE) cell line was obtained from Dr. Ilene 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 [30]. 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% CO2. 

Experiments were done with cells near confluency, which is about 1.0 × 105 cells per well 

for HCLE and HK2 cells and 3.0 × 105 for L929 fibroblast cells.

2.3. General experimental design

As shown in Fig. 1, various experiments had up to three stages: a treatment stage, a recovery 

stage, and a glucose uptake measurement stage. Cells were maintained at 37 °C throughout 

the experiment and conditions and lengths of time for each stage are indicated in the figure 

legends. To initiate the treatment stage, the media from cells in 24-well plates were removed 

and then cells were incubated in 0.4 mL of fresh treatment media consisting of either low-

glucose DMEM alone (0% FBS) or low-glucose DMEM plus the chemical of interest (see 

figure legends) or glucose-free DMEM (activation by glucose deprivation). Media was then 

removed and replaced either with media only for a recovery stage, or with buffered solution 

for the measurement of uptake stage (see below for details). Reagents were added to the 

treatment media or to the uptake solution from 100–200× aqueous (Az, HA), or DMSO 

(Cur, PAO) stock solutions. DMSO has no effect on glucose uptake at the concentrations 

added [28].

2.4. Glucose uptake assay

Glucose uptake was measured using the radiolabeled glucose analog 2-deoxyglucose (2DG) 

as previously described [31]. Briefly, the media was replaced with 0.2 mL of glucose-free 

HEPES buffer (140 mM NaCl, 5 mM KCl, 20 mM HEPES/Na pH = 7.4, 2.5 mM MgSO4, 1 

mM CaCl2, 2 mM NaPyruvate, 1 mM mannitol) supplemented with 1.0 mM (0.3 μCi/mL) 2-

DG (1,2-3H) and 1.0 mM (0.02 μCi/mL) mannitol (1-14C). 1.0 mM 2-DG is below the Km of 

transport, 6–8 mm, and allows us to monitor linear uptake for longer times. Uptake media 

was supplemented with additional compounds, such as Cur, PAO, or HA, as indicated in the 

figure or table legends. For the kinetics experiment, the concentration of 2DG was varied as 

indicated in the figure legend. After a 10-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-2 DG 

and 14C-mannitol were measured using scintillation spectrometry. Mannitol, similar in 

structure to glucose, is not normally taken up by cells, therefore the inclusion of 14C-

mannitol in the uptake media allows us to correct for any surface binding or trapping of 

radioactivity in extracellular spaces, to monitor potential toxic effects of the experimental 

treatments that would compromise the cell membrane, and to account for excess 

radioactivity that might remain after the washes.
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2.5. Measurement of specific 3H-cytochalasin B binding

Specific binding of cytochalasin B was measured in the presence and absence of 75 μM 

curcumin. HCLE cells were cooled to 4 °C and the media were replaced with 0.3 mL of cold 

HEPES buffer containing 0.3 μCi/mL cytochalasin B (1-3H) plus 25 mM of either L-glucose 

or D-glucose. After a 40-min incubation, the cells were washed with cold media and the 

cells were digested and the radioactivity was measured. Specific D-glucose-inhibited 

cytochalasin B binding was determined as the difference in the binding of 3H-cytochalasin B 

in the presence of D-glucose and L-glucose.

2.6. Statistical analysis

Each experiment with quadruplicate samples was repeated a minimum of three times to 

insure that results could be replicated. 2DG uptake data were measured as nmol/10 min/well 

± standard error, normalized to control conditions and reported as relative 2DG uptake. 

Statistical significance was determined by a two-tailed t-test. Statistical significance is 

reported at P < 0.05 or P < 0.01.

3. Results

3.1. Curcumin inhibits glucose uptake in a dose dependent manner

Previous work has demonstrated that curcumin is a direct inhibitor of glucose transport 

activity in primary rat adipocytes [24]. The primary transporter in adipocytes is the insulin-

regulated transporter, GLUT4, but the effects of curcumin on GLUT1 transport activity are 

not known. Therefore, we measured glucose uptake in the presence of increasing 

concentrations of curcumin (0–200 μM) in L929 fibroblast cells, where glucose uptake is 

mediated exclusively by GLUT1 [25]. Results, shown in Fig. 2, indicate that curcumin 

inhibits 2DG uptake in a dose dependent manner with a maximum of 84% inhibition at 70–

100 μM with an IC50 = 19 μM. We confirmed this inhibitory effect of curcumin in HCLE 

and HK2 cells, two other cell lines where GLUT1 is the primary transporter responsible for 

2DG uptake [32,33]. The effects of a submax (25 μM) and maximum (75 μM) effective 

concentrations of curcumin were measured and reported on Table 1. Results indicate a 

similar pattern of inhibition as observed in L929 cells.

3.2. Curcumin blocks activation of 2DG uptake in L929 cells

To determine the effects of curcumin on the effects of acute glucose uptake activators we 

measured 2DG in activating conditions in the absence and presence of 50 μM curcumin. We 

investigated two acute activators that require a 20-min preincubation to maximize activation; 

azide treatment and glucose deprivation [34,35], where the activator plus or minus curcumin 

was present only during a 20-min pretreatment. We also measured 2DG uptake in the 

presence of two activators that act immediately; PAO and HA [28,36], where the activator 

with or without curcumin was present only during the measurement of 2DG uptake. The 

results, shown on Fig. 3, reveal that in all cases curcumin effectively blocks acute activation 

of glucose uptake.
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3.3. Inhibitory effect of curcumin is reversible and does not increase with time

The effect of curcumin in adipocytes was not reversible in adipocytes within the timeframe 

of one hour [24]. To determine the reversibility of the effects on GLUT1, L929 fibroblasts 

cells were incubated with 75 μM curcumin for 20 min, the media were then replaced with 

media without curcumin for 0,10, 20, 40, or 60 min to allow recovery. Results, shown in Fig. 

4A, indicate glucose transport activity is recovered within 40 min.

The inhibitory effects of curcumin are immediate, but we were curious if additional 

inhibition would occur with longer exposure times. L929 cells were exposed to 75 μM 

during uptake only or just prior to uptake for 10, 20, 40 or 60 min. The results, shown in Fig. 

4B, demonstrate that the inhibitory effects are virtually identical with a small, enhanced 

inhibition after a 60-min exposure. Given the plethora of activities attributed to curcumin, 

we did not pursue longer exposure times, which would unduly complicate analysis. As 

monitored by changes in cell morphology or by abnormally high mannitol uptakes, 

curcumin does not demonstrate any toxic effects within the hour exposure.

3.4. Effects of curcumin does not depend on thiol chemistry

Curcumin has an α-β unsaturated carbonyl structure that is known to react with thiols via 

nucleophilic 1–4 addition. Thiol reactive compounds, such as cinnamaldehyde, phenylarsine 

oxide, hydroxylamine, and Angeli’s salt, have previously been shown to alter GLUT1 

activity, suggesting a potential mode of action for curcumin [26–28,36]. To determine if 

curcumin requires free thiols to exert its inhibitory effects, we performed two experiments 

with results shown in Fig. 5. First, prior to the measurement of 2DG uptake, L929 cells were 

exposed to 0.75 mM iodoacetamide (IA) for 30 min to react with free thiols. This treatment 

tended to reduce basal uptake, but not significantly (P = 0.19) and curcumin’s inhibitory 

effects were not curtailed, but enhanced. As a positive control, we show that IA treatment 

was able block the activation of hydroxylamine (HA), a compound whose activation has 

been previously shown to be dependent upon the availability of cysteine side chains [36]. In 

the second experiment, 75 μM curcumin was incubated with excess cysteine (2.0 mM) for an 

hour, to potentially react with curcumin, before its incubation with cells. This treatment did 

not alter curcumin’s inhibitory effects (see Fig. 5).

3.5. Curcumin is a mixed inhibitor of 2DG uptake

The apparent lack of thiol reactivity prompted us to ask if curcumin is simply a competitive 

inhibitor of 2DG uptake. We measured the kinetics of uptake in the absence and presence of 

curcumin. As seen in Fig. 6, high concentration of 2DG did not counter curcumin’s 

inhibitory effect as expected of a competitive inhibitor, rather curcumin appears to be a 

mixed inhibitor significantly reducing the Vmax of uptake from 7.53 ± 0.54 to 4.29 ± 0.42 

nmol/10 min/well with little change in the Km (10.6 ± 2.0 and 13.0 ± 3.1 mM respectively).

3.6. Curcumin inhibition is not additive to effects of cytochalasin B and reduces specific 
cytochalasin B binding

Cytochalasin B is a classic inhibitor of GLUT proteins and is known to bind near the interior 

glucose exit site of GLUT proteins. If curcumin inhibits by a different mechanism we would 

predict that the effects of curcumin would be additive to the effects of cytochalasin B. We 
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measured 2DG uptakes at the submax and maximally effective concentrations of 

cytochalasin B (2 μM, 50 μM) and curcumin (30 μM, 100 μM) both alone and in 

combination. The results, shown in Fig. 7A, reveal that curcumin does not add to the 

inhibitory effects of cytochalasin B at either concentration. This suggests a similar 

mechanism of action.

If curcumin shares a similar inhibitory mechanism with cytochalasin B, it may inhibit the 

binding of cytochalasin B. We tested this in HCLE cells, which have a much higher 

concentration of GLUT1 than L929 cells [32]. The results shown in Fig. 7B reveal that 75 

μM curcumin reduces specific 3H-cytochalasin B binding by 80%.

4. Discussion

Curcumin, a major component of turmeric, appears to have numerous physiological effects 

and has received significant attention as a potential intervention in the treatment of multiple 

diseases. Over 860 reviews have been published over the last 25 years, many of them 

focusing on the medicinal benefits of this compound. While it has been well documented 

that curcumin lowers blood glucose in animal models of diabetes, there are few studies 

investigating the effects of curcumin on glucose uptake in tissue cell models. Curcumin has 

been shown to decrease the translocation of GLUT4 in both leptin-treated hepatic stellate 

cells and 3T3-L1 adipocytes suggesting inhibitory effects of curcumin on insulin signaling 

[23,37]. However, work from Green et al. indicated that the inhibitory effects of curcumin on 

glucose uptake in rat adipocytes were immediate, independent of a signaling system. These 

effects were not reversible within an hour of recovery [24]. The major glucose transporter in 

adipocyte cells is GLUT4 and, therefore, the purpose of this study was to determine the 

effects of curcumin on glucose uptake in L929 fibroblast cells, which exclusively express 

GLUT1.

The results reported in this study indicate that curcumin inhibits basal glucose uptake of 

GLUT1 in L929 fibroblasts, HCLE cells, and HK2 cells in a dose dependent manner (Fig. 2, 

Table 1). Curcumin also blocks acute activation of glucose uptake in L929 cells (Fig. 3). 

These results mimic the effects of curcumin on GLUT4 in adipocytes [24]. The effective 

concentrations of curcumin in L929 and adipocytes are very similar, but the inhibition is 

more robust in L929 cells (84% inhibition compared to 40%) (Fig. 1 and [24]). Curcumin is 

a mixed inhibitor and cannot be overcome by higher concentrations of 2DG (glucose) (Fig. 

6). The inhibition is immediate, reversible, and does not increase with longer exposure times 

(Fig. 4).

Curcumin contains two α-β unsaturated carbonyl motifs and the observation that the 

inhibitory effect of curcumin in adipocytes is irreversible [24] suggested to us that curcumin 

might be forming a covalent bond with a key cysteine residue, perhaps within GLUT1 itself. 

Carruthers has shown that GLUT1 in erythrocytes forms homotetramers, which are more 

active than the monomer or dimer forms. Stabilization of the tetramer depends on the 

formation of a disulfide between residue C347 and C421 within each monomer [38,39]. We 

have previously shown the importance of thiol chemistry in the regulation of GLUT1 in 

L929 cells. Nitroxyl, which stimulates disulfide bond formation, activates uptake within 2 
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min [27], while cinnamaldehyde partially activates glucose uptake but also blocks full 

activation by nitroxyl [26]. Interestingly, the cinnamaldehyde effects appear to depend on a 

reaction between the thiol of a cysteine residue and the α-β unsaturated aldehyde of 

cinnamaldehyde. However, this same reaction between a cysteine and a α-β unsaturated 

carbonyl does not appear to be the mechanism of action for curcumin. In contrast to the 

effects of nitroxyl and cinnamaldehyde [26,27], which could be blocked by either the 

pretreatment of cells with IA or a prior incubation of the stimulant with cysteine, the 

inhibitory effects of curcumin were not blocked by either of these treatments (Fig. 5). In 

addition, unlike the curcumin’s effects in adipocytes, we find that the inhibitory effects are 

lost within an hour (Fig. 4A). This recovery time is more consistent with the time required 

for this lipophilic compound to be lost from membranes than for the reversal of a covalent 

bond. We would suggest that the previously reported irreversibility effect of curcumin in 

adipocytes [24] may result from a greater accumulation of lipophilic curcumin in adipocytes 

and 60 min is not enough time for curcumin to be lost from adipocytes.

The most likely mechanism for this inhibitory effect of curcumin on GLUT1 is a direct 

binding to the transporter, likely at an interior site on the transporter that overlaps with the 

binding site of cytochalasin B. This is based on several observations. 1) The effect is 

immediate both at basal and activating conditions and requires no preincubation. 2) 

Inhibition of curcumin is not additive to the effects of cytochalasin B either at submax or 

max concentrations (Fig. 7A), suggesting similar modes of action for the two inhibitors. 3) 

Curcumin (75 μM) reduces specific cytochalasin B binding by 80% (Fig. 7B). Interestingly, 

while glucose is competitive with cytochalasin B binding [40] it is not competitive with 

curcumin (Fig. 6). This suggests that the binding sites for curcumin and cytochalasin B 

overlap, but are not identical. This result parallels a recent report of the inhibitory effects of 

caffeine on GLUT1 activity. The binding of caffeine was mapped primarily to the 

nucleotide-binding site, but overlapping slightly with the cytochalasin B binding site. Thus, 

like curcumin, caffeine did not compete with glucose, but did reduce cytochalasin B binding 

[41]. Our results are consistent with curcumin binding to the nucleotide binding site, but 

with higher affinity than caffeine: IC50 = 3.5 mM for caffeine compared to 19 μM for 

curcumin.

We cannot eliminate the possibility that the inhibition is an indirect membrane effect caused 

by the accumulation of curcumin within the plasma membrane causing conformational 

changes within the transporter. However, this seems less likely because as more curcumin 

accumulates in membranes over time the inhibitory effects should increase. We do not 

observe any increase in curcumin inhibition over time (Fig. 4B).

The direct inhibitory effects of curcumin on glucose uptake initially appear to conflict with 

the strong evidence that curcumin lowers blood glucose levels and has beneficial effects in 

the treatment of diabetes [15,16]. It is difficult to compare tissue culture studies to whole 

animal studies largely due to the low bioavailability of dietary curcumin caused by low 

levels of uptake and a fast metabolism [42]. The oral bioavailability is only 0.47% and i.v. 

administration of 10 mg/kg leads to a maximum plasma concentration of 8.5 μM [43], lower 

than the concentrations used in this study. However, the concentration of curcumin within 

specific individual tissues is difficult to predict given the lipophilic nature of curcumin. 
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Clearance of plasma curcumin is likely a combination of accumulation within lipid 

environments of tissues and metabolism by the liver.

One plausible mechanism for lowering blood glucose based on this data would be reduced 

absorption of glucose in the gut caused by a direct inhibition of GLUT2 on the basal surface 

of intestinal epithelial cells. Currently there is no direct evidence that curcumin inhibits 

GLUT2, but given the similarities of the GLUTs and evidence of direct inhibition of both 

GLUT1 and GLUT4, it seems likely that curcumin would also inhibit GLUT2. At the 

surface, this inhibition would appear to conflict with data suggesting that curcumin enhances 

intestinal transport of glucose [44]. However, in that study rats were fed curcumin for 5 days 

and curcumin was not present during the measurement of glucose transport. It seems 

reasonable that chronic inhibition by curcumin would lead to enhance cellular expression of 

GLUT2 as a mechanism of compensation. It has been reported that chronic curcumin 

treatment up-regulates GLUT protein expression [17].

The observation that curcumin directly inhibits the transport activity of GLUT1 is also 

potentially an additional mechanism for the documented anticancer effects of curcumin 

[3,5]. Many cancers are highly glycolytic and overexpress GLUT1 [45,46]. A direct 

inhibition of GLUT1 would be expected to slow glucose uptake and compromise growth.

5. Conclusions

This study reports that curcumin directly inhibits the GLUT1 activity in multiple cell lines in 

a dose dependent manner. Curcumin inhibition is immediate, reversible, and reduces the 

Vmax of 2DG uptake. Curcumin does not require a reaction with cysteine residues, but rather 

appears to bind at a site either near or overlapping with the cytochalasin B binding site on 

the interior surface of GLUT1, possibly at the nucleotide binding site.
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Fig. 1. 
Experimental design. Each experiment had up to three stages; treatment, recovery, or 

glucose uptake measurement. Experiments utilizing each stage are indicated and the details 

concerning concentrations and exposure times will be indicated in each figure legend.
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Fig. 2. 
Dose dependent effects of curcumin. 2DG uptake was measured at various concentrations of 

curcumin ranging from 25 to 200 μM. Data (n = 10) were normalized to basal uptake (0 mM 

curcumin) and the relative uptakes are expressed as means ± S.E with a best-fit line to 

simple decay. All curcumin treatments were significantly lower at P < 0.01. Inset shows 

structure of curcumin (keto form).

Gunnink et al. Page 13

Biochimie. Author manuscript; available in PMC 2016 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Effects of curcumin on various activators of glucose uptake. L929 cells were incubated in 

activating conditions with or without 50 μM curcumin. Activation with sodium azide (Az) (5 

mM), or glucose deprivation (NG) (0 mM glucose) required a 20min-treatment stage, but 

phenylarsine oxide (PAO) (10 μM) and hydroxylamine (HA) (5 mM) are fast activating 

reagents and were present only during the measurement of 2DG uptake. 2DG uptakes were 

measured as nmol/10min/well, normalized to control and reported as relative uptake. Data 

are presented as means ± S.E. All curcumin treated cells were significantly lower than their 

respective controls at P < 0.01.
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Fig. 4. 
Relationship of time and inhibitory effects of curcumin. Panel A: Recovery from curcumin 

effects. Cells were treated with media containing 75 μM curcumin for 20 min. The media 

was replaced with curcumin-free media to recover for 0, 10, 20, 40 or 60 min. Panel B: 

Exposure time to curcumin. L929 fibroblast cells were treated with 75 μM curcumin during 

2 DG uptake only or prior to 2DG uptake for 10, 20, 40 or 60 min. In both experiments, 

2DG uptakes were measured, normalized to control and expressed as means of relative 

uptake ± S.E. aSignificant from control at P < 0.01. bSignificant from control at P < 0.05.
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Fig. 5. 
Effects iodoacetamide and cysteine on curcumin’s inhibitory effects. L929 fibroblast cells 

were treated with or without 0.3 mM IA for 30 min 2DG uptakes were measured in the 

presence of either no additions or 2.0 mM cysteine (Con), or addition of 5 mM 

hydroxylamine (HA), or addition of 75 μM curcumin (Cur). Data are means of 2DG uptakes 

normalized to untreated control cells. aSignificant from control at P < 0.01. bSignificant 

from control at P < 0.05.
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Fig. 6. 
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 μM curcumin and reported as nmol/10 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. 7. 
Combined effects of curcumin and cytochalasin B. Panel A: Effects on 2DG uptake. Uptake 

was measured in L929 cells at sub-maximally or maximally effective concentrations of 

curcumin (30 μM and 100 μM) or cytochalasin B (2 μM and 50 μM) or both. Data were 

normalized to untreated cells and reported as means ± S.E. of relative uptake. Panel B: 

Effects of curcumin on cytochalasin B binding. HCLE cells were incubated with HEPES 

buffer containing 3H-cytochalasin B for 40 min at 4 °C in the presence or absence of 75 μM 

curcumin with either 25 mM D or L-glucose. Specific cytochalasin B binding was 

determined by subtracting the isolated radioactivity of samples containing D-glucose from 

those containing L-glucose.
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Table 1

Comparative effects of curcumin in GLUT1-expressing cell lines.

Cell type Normalized 2DG uptake

Control +Cur (25 μM) +Cur (75 μM)

L929 1.00 ± 0.02 0.52 ± 0.01* 0.21 ± 0.01*

HCLE 1.00 ± 0.06 0.65 ± 0.02* 0.12 ± 0.02*

HK2 1.00 ± 0.03 0.58 ± 0.02* 0.16 ± 0.02*

2DG uptake was measured in each cell line in the absence (control) or presence of 25 or 75 μM. Uptakes were measure as nmol/10 min/well and 
are normalized to its respective control. Data are presented as means ± S.E.

*
Significantly different than its respective control (no curcumin) at P < 0.01.
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