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Flavonoids are a group of polyphenolic compounds
biquitously found in plants including fruits, and veg-
tables. Broad ranges of the biological activities of
avonoids have been reported using in vitro studies. I
eport that several natural flavonoids blocked glucose
ptake in myelocytic U937 cells. Although there were
ome variations in the blocking activity of individual
avonoids, approximately half of the glucose uptake
as blocked by flavonoids at the concentrations of
–50 mM. The decreasing order of the blocking activity
as fisetin > myricetin > quercetin > apigenin >
enistein > cyanidin > daidzein > hesperetin > nar-
ngenin > catechin. Fisetin showed approximately
0% inhibition of glucose uptake at a concentration of
mM. Similar patterns of the inhibition were observed

n lymphocytic Jurkat cells. Fisetin and quercetin in-
ibited glucose transport in a competitive manner. Ki

alues for fisetin and quercetin were proximately 9
nd 12 mM, respectively. This study showed that some
ypes of natural flavonoids block glucose uptake in
937 cells and that natural flavonoids could be used as
lternative blockers of glucose uptake in vitro. © 1999

cademic Press

Flavonoids are widely distributed in plant-derived
oods including fruits and vegetables (1). The primary
tructure of flavonoids consists of two aromatic carbon
roups; benzopyran (A and C rings) and benzene (B
ing) (Fig. 1). The variation in the heterocyclic C-ring of
avonoids and the interlinkage between benzopyran
nd benzene groups are the basis for the classification
f flavonoids into the flavone, flavonol, flavonone,
soflavone, anthocyanidin, and catechin groups (2).

Flavonoids have been proposed to have a variety of
iological effects on human health (3). For example, in
itro, flavonoids were reported to reduce low-density
ipoprotein oxidation (4) and quench reactive oxygen
adicals, (5) thus decreasing the risk of chronic dis-
ases (e.g., cardiovascular diseases and cancer) (6), and
o inhibit or induce enzymes (7). Although the biologi-
568006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ented, their biological mechanisms have not yet been
efined. Previously, genistein, an isoflavone, has been
eported to be an inhibitor of a glucose transporter (8).
owever, this study examined the inhibitory effect of

nly two isoflavonoids (genistein and daidzein) on glu-
ose uptake. Also, some conflicting data were reported
egarding the inhibitory effects of flavonoids on glucose
ransport (9, 10). Due to the inconsistency of an ability
o inhibit the glucose uptake in cells, and the use of
imited numbers of flavonoids in the studies, the chem-
cal structure of flavonoids responsible for blocking the
ransport of glucose has not been described, and the
otential of other flavonoids to block glucose transport
as not been studied.
In this paper I tested more than 10 flavonoids to

dentify potent blockers for glucose transport. Apige-
in, quercetin, rutin, fisetin, myricetin, naringenin,
aringin, hesperetin, genistein, daidzein, catechin, and
yanidin were selected for study on the basis of fla-
onoid group, degree of hydroxylation, and interlink-
ge between benzopyran and benzene groups. The di-
ersity of flavonoids and its analogues made it possible
o identify flavonoids as inhibitors for glucose uptake
nd to characterize a moiety of flavonoid structure as a
esponsible site for the inhibition of the glucose trans-
orter. Data indicated that in addition to genistein,
ther flavonoids also showed an inhibitory effect on
lucose uptake. The possible involvement of flavone
tructure and hydroxylation of flavonoids in blocking
lucose uptake was also discussed.

ATERIALS AND METHODS

Materials. Apigenin, quercetin, rutin, fisetin, myricetin, naringe-
in, naringin, hesperetin, genistein, daidzein, catechin, and catechol
ere purchased from Sigma (St. Louis, MO). Cyanidin coumarin,

hromone, 4-chromanone, flavone, 3-hydroxyflavone, 5-hydroxy-
avone, 7-hydroxyflavone, and 5,7-dihydroxyflavone were obtained
rom Indofine Chemical Company, Inc (Somerville, NJ). U937 and
urkat cells were purchased from ATCC (Rockville, MD).

Cell culture condition. U937, and Jurkat, cells were cultured in
PMI medium supplemented with 10% fetal bovine serum. Cell
iability was determined microscopically by trypan blue exclusion
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ptake experiments. The number of cells was counted by hematocy-
ometer.

Glucose uptake assays. For inhibition study on uptake, 1–2 3 106

ells were suspended in 1 ml HEPES/phosphate buffer containing
47 mM NaCl, 5 mM KCl, 1.9 mM KH2PO4, 1.1 mM Na2HPO4, 5.5
M glucose, 0.3 mM MgSO4:7H2O, 1 mM MgCl2:6H2O, 0.3 mM
aCl2:2H2O, and 10 mM HEPES, pH 7.4. Individual flavonoids were
dded to the cell suspension, as indicated in Figs. 2–5. The reaction
as initiated by adding 1.0 mCi 2-[1,2-3H(N)] deoxy-D-glucose (spe-

ific activity 25 mCi/mmol). After 3 min, the reaction was terminated
y washing the cells twice in cold phosphate-buffered saline (pH 7.4)
11). Uptake activity was measured in whole cells using scintillation
pectrometry. To test the sodium dependence of the blocking activi-
ies of flavonoids, the sodium free buffer was prepared by replacing,
aCl and Na2HPO4 in HEPES buffer with choline chloride and
2HPO4.

Kinetic analysis. Kinetics for all substrates were determined in
he linear range of the transport activity. Analysis of the inhibition
f the glucose uptake by flavonoids was performed using a non-linear
egression program (12). Ki was determined using an Eadie-Hofstee
lot. Data points in all figures represent the mean 6 SD of more than
samples.

ESULTS

Effect of flavonoids on glucose uptake in U937 cells.
o measure the blocking activities of flavonoids, the
avonoids were divided into 6 groups; flavone (apige-
in), flavonol (fisetin, myricetin, quercetin), flavonone
naringenin, hesperetin), isoflavone (genistein, daid-
ein), catechin, and anthocyanidin (cyanidin) (Fig. 1).
s shown in Fig. 2, except for catechin, all flavonoids

nhibited glucose uptake in U937 cells in a dose-
ependent manner. Approximately half of the uptake
ctivity was blocked at 8–50 mM concentrations of the
ested flavonoids. The decreasing order of the effective-
ess was fisetin $ myricetin $ quercetin $ apigenin .
enistein . cyanidin . daidzein $ hesperetin . nar-
ngenin . catechin. For the most effective flavonoid,
setin, 50% inhibition occurred at approximately 8
M. Similar results were obtained with a different cell

ine (Jurkat cells, data not shown). Although there
ere some variations among flavonoids in the concen-

ration to achieve 50% inhibition of glucose uptake in
937 and Jurkat cells, the general pattern of the inhi-
ition was similar. 16–60 mM concentrations of the
ested flavonoids were required to obtain 50% inhibi-
ion in Jurkat cells. All the flavonoids tested contain
enzopyran (A and C rings) and a phenyl group (B ring)
Fig. 1). Since there is a slight difference between fla-
one (apigenin) and isoflavones (genistein and daid-
ein) in the efficacy of blocking glucose uptake (Fig. 2A
nd 2D), the interlinkage between the B and C rings
ay have a slight effect on the blocking efficacy. The

dditional hydroxylations at the 3 position of benzopy-
an and 39-position of the phenyl group seem dispens-
ble for the blocking activity, because flavonols (fisetin,
yricetin, quercetin) and flavone (apigenin) showed no

ifference in the blocking effect (Figs. 2 and 3). How-
569
ver, saturation of a 2,3 double bond in the C ring
eems to decrease the blocking effect on glucose up-
ake, since the inhibitory effects of naringenin and
esperetin were not as strong as those of quercetin and
setin (Fig. 2C). In Fig. 2E, Cyanidin and catechin
ere tested for their blocking activities of glucose up-

ake. Cyanidin containing 1,2 and 3,4 double bonds,
nd no ketone at the 4 position exhibited a similar, but
maller inhibitory effect on glucose uptake than that of
uercetin. Surprisingly, catechin which lacks a 2,3
ouble bond and 4 position ketone in C ring showed no

FIG. 1. Structures of flavonoids. The basic structure of flavonoids
s composed of benzopyran and benzene groups. Apigenin is classi-
ed as flavones. Fisetin, myricetin, and quercetin are flavonols.
aringenin and hesperetin are flavonones. Genistein and daidzein
re isoflavones. Cyanidin belongs to anthocyanidin group.
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FIG. 2. The effect of flavonoids on glucose uptake in U937. Described in “Materials and Methods”, the transport of 2-[1,2-3H(N)]
eoxy-D-glucose was measured in the presence of the indicated concentrations of flavonoids. (A) myricetin (open squares) and fisetin (closed
quares); (B) rutin (diamonds), apigenin (open squares), and quercetin (closed squares); (C) naringenin (diamonds), naringenin (open
quares), and hesperetin (closed squares); (D) daidzein (open squares), and genistein (closed squares); (E) catechin (open squares) and
yanidin (closed squares).
570
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nhibitory effect but did show a stimulatory effect on
lucose uptake (Fig. 2E). These data imply that a moi-
ty of benzopyran structure of flavonoids may be im-
ortant for blocking glucose uptake. However, it is not
ertain that only benzopyran structure of flavonoids is
ecessary for delivering the blocking effect. I discussed
ore about the relationship between the structure of
avonoids and their blocking activities in the last sec-
ion of results.

Determination of Ki value for flavonoids. To further
efine the pattern of the inhibition by flavonoids and
etermine the Ki values of flavonoids, inhibition exper-
ments were performed. Two flavonoids (fisetin and
uercetin) were used for the experiments, because of
heir strong inhibition of glucose uptake. As shown in
ig. 3, fisetin and quercetin inhibit the transport of
lucose competitively. Ki values were calculated using

FIG. 3. Glucose uptake was inhibited by fisetin and quercetin in
competitive manner in U937. Ki was determined using an Eadie-
ofstee Plot. Data points in all figures represent the mean 6 SD of
ore than 3 samples. Transport of deoxyglucose at 1.25, 2.5, 5, and

0 mM was measured in the absence of or in the presence of 10, and
0, mM of fisetin or quercetin, respectively.
571
uercetin were approximately 9 mM and 12 mM, respec-
ively. These data indicated that flavonoids (fisetin and
uercetin) are competitive inhibitors of glucose trans-
ort in U937.

Effect of sodium on an inhibitory effect of flavonoids.
lavonoids inhibit glucose uptake at the mM ranges, in
competitive manner. The transports of glucose were

eported to occur in sodium-independent and sodium-
ependent manner (13). But, this inhibition by fla-
onoids was unknown about the dependence of sodium.
xperiments were performed using the buffer with and
ithout sodium, to determine what mechanism of the
lucose transport was inhibited by flavonoids. The pre-
ious study indicated that the majority of glucose up-
ake in U937 was inherently independent of sodium in
he buffer (unpublished data). Therefore, it looks like
hat sodium independent glucose transporters play a
ajor role in glucose uptake in U937, and the inhibi-

ion of glucose uptake by flavonoids is not altered in
odium and sodium-free buffer. As expected, the tested
avonoids (quercetin, fisetin, and genistein) showed
0% inhibition of glucose uptake at the concentrations
f 10–20 mM, in regardless of sodium in the buffer. In
ig. 4, only the inhibition of glucose uptake in sodium-

ree buffer was shown. In U937, the majority of the
nhibitory effect of flavonoids on glucose uptake seems
o be due to the sodium-independent glucose transport-
rs, and the competitive inhibition of glucose uptake by
avonoids is independent of sodium in the buffer.

Determination of a moiety of flavonoids accountable
or the inhibition of glucose uptake. As indicated
bove, this sodium-independent and competitive inhi-
ition of glucose uptake seems to be related with a
tructure of flavonoids. Therefore, the following studies
ere performed to determine the moiety of the struc-

ure of flavonoids with the blocking activity. For the
tudies, a basic structure of flavonoids was dissected
nto benzopyran-4-one and phenyl group (see Fig. 1).
ince the catechol (1,2-benzenediol) structure is found

n the B ring of many flavonoids including quercetin
nd fisetin, it was investigated to determine whether
n inhibitory effect comes from B ring structure alone.
he data in Table 1 clearly indicate that the catechol
tructure of B ring alone is not responsible for the
locking effect on glucose uptake. Next, I investigated
enzopyran group for its inhibitory activity. I used
hromone (benzopyran-4-one), coumarin (1,2-benzo-
yrone), and 4-chromanone to investigate the blocking
ffect of glucose uptake, since they have the same or
imilar chemical sturcture as benzypyran-4-one (A and
ring of flavonoids). Chromone and 4-chromanone did

ot inhibit glucose uptake in U937 cells (Table 1). Also,
oumarin that contains a ketone group at the 2 position
nd a saturated C ring structure, showed no inhibitory
ffect on glucose uptake (Table 1). These experiments



i
v
u
f
fl
d
i
o
s
e
m
s
t
g
H
h
(

t
t
g
i
b
p
h
a
s
s
t
i
g
n

D

d

and to block UV light (14–16). Flavonoids have been
a
a
m
fl
u
a
e
s
i
t
z
b
T
r
c
s
w
n
u
u
u

(
v
w
c
g
c
g
o
c
f
g
g
o

g
a
g

r
a

Vol. 260, No. 2, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ndicated that the inhibition of glucose uptake by fla-
onoids might attribute to the flavone structure (an
nited form of benzopyran and phenyl groups). There-
ore, I examined several flavones (flavone, 3-hydroxy-
avone, 5-hydroxyflavone, 7-hydroxyflavone, and 5,7-
ihydroxyflavone), in order to determine whether the
nhibition is truly originated from the flavone structure
f flavonoids (Fig. 5). Surprisingly, flavone, a backbone
tructure of flavonoid, could not inhibit glucose uptake
ven at the concentration of 100 mM. Since fisetin and
yricetin contain 3-hydroxyl group at their flavone

tructure, 3-hydroxyflavone was tested for its inhibi-
ory activity, but it did not show any inhibition of
lucose uptake at the concentrations of 50 and 100 mM.
owever, 5-hydroxyflavone, 7-hydroxyflavone, and 5.7-
ydroxyflavone inhibited glucose uptake in U937 cells
Table 1).

These data imply that flavone structure and some
ypes of hydroxylation (especially, the 5, and 7 posi-
ion) are required for exhibiting the blocking effect on
lucose uptake. Since 3-hydroxylation did not have an
nfluence on the inhibition, the structural difference
etween flavones and flavonols seems to have no im-
act on their inhibition of glucose uptake, if they are
ydroxylated at 5 and/or 7 positions. Based on these
ssumptions, the structures of apigenin, quercetin, fi-
etin, and myricetin are consistent with the chemical
tructure proposed as being responsible for the inhibi-
ion of glucose uptake; indeed, those flavonoids exhib-
ted the highest blocking effect. However, the flavonoid
lycones such as rutin and naringin surprisingly did
ot inhibit glucose uptake in U937 cells.

ISCUSSION

In plants, flavonoids were proposed to be antioxi-
ants, enzyme inhibitors, pigments, phytohormones

FIG. 4. Effect of quercetin, fisetin, naringenin, and genistein on
lucose uptake in sodium free buffer. The diamonds, circle, and open
nd closed squares represent quercetin, fisetin, naringenin and
enistein, respectively.
572
lso reported to contain anti-inflammatory, antiviral,
ntiproliferative, and estrogen-like activities in mam-
alian systems (17, 18). Our results demonstrate that

avonoids have the potential to inhibit the glucose
ptake in a myeloid cell, U937. Previously, genistein,
n isoflavonoid, was reported to have an inhibitory
ffect on the glucose uptake in HL-60 cells (8). In the
ame paper, it was also reported that daidzein, another
soflavonoid, was incapable of inhibiting glucose up-
ake (8). In contrast, our data demonstrate that daid-
ein also has the potential to inhibit glucose uptake,
ut at relatively higher concentrations than genistein.
he discrepancy between our data and the previously
eported data might be attributed to use of different
ell lines (U937 versus HL-60). We also found that the
olubility of genistein and daidzein differ depending on
hether the solvent used is acetone, methanol, etha-
ol, or dimethyl sulfoxide (DMSO). The decreased sol-
bility of daidzein may also have contributed to the
nderestimation of the inhibitory effect on glucose
ptake.
Flavonoids occur most often as glycosylated forms

glycones) in plants, but non-glycosylated forms of fla-
onoids (aglycones) exist in small amounts. Recently, it
as reported that glycones might be inhibitors of glu-

ose transport and also transport into cells via the
lucose transporter (9). However, this proposition
ould not be confirmed in our study, since rutin (a
lycone form of quercetin) and naringin (a glycone form
f naringenin) did not inhibit glucose uptake in U937
ells. Most flavonoids tested in this study are aglycone
orms of flavonoids, and are an effective blocker of
lucose uptake. Furthermore, these flavonoids inhibit
lucose uptake competitively with inhibition constant
f Ki 5 10 6 2 mM. Even if the data indicated that

TABLE 1

The Comparison of the Inhibitory Activities of Flavonoid
Analogues on Glucose Uptake in U937

Flavonoid analogues

Concentrations

40 mM 100 mM

Fisetin $30% $20%
Quercetin $30% $20%
Catechol 100% 100%
Chromone 100% 100%
4-Chromanone 100% 100%
Coumarin 100% 100%
Flavone 100% 95%
3-Hydroxyflavone 100% 100%
5-Hydroxyflavone $40% $30%
7-Hydroxyflavone $50% $35%
5,7-Dihydroxyflavone $40% $30%

Note. The remaining activities of glucose uptake in U937 were
epresented as percentage, at two concentrations of flavonoid
nalogues.
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avonoids inhibit glucose uptake in a competitive man-
er in U937, the important question remains unsolved;
hether flavonoids simply compete with glucose for
inding to the transporters or flavonoids are competi-
ively transported via the transporters. To answer the
uestion is a key to find out a true mechanism of
ransport of flavonoids into cells. Therefore, further
tudies must to be performed to resolve this question.
The transport of glucose is carried out into cells by

everal glucose transporters in sodium-dependent
nd -independent manners. The glucose transporters
Glu 1–5) are sodium-independent, but the glucose
ransporter SGLT is sodium-dependent (19, 20). In
937, the inhibitory effect of flavonoids was not alter-
ated when sodium-free buffer was used instead of the
uffer containing sodium. These data imply that most
f the inhibition of glucose uptake in U937 occurred via
he sodium-independent glucose transporters. Incom-
lete inhibition (less than 10%) was sometimes ob-
erved and could not be eliminated at high concentra-
ions of flavonoids (greater than 500 mM). A plausible
eason for the incomplete inhibition at high concentra-
ions might be that the sodium-dependent transporter
xists in U937 cells, but at a lower level than the
odium-independent transporters.

FIG. 5. Structures of flavonoid analogues. Fisetin, quercetin,
atechol, chromone, 4-chromanone, coumarin, flavone, 3-hydroxy-
avone, 5-hydroxyflavone, 7-hydroxyflavone, and 5,7-dihydroxyflavone.
573
onoids, especially aglycones, inhibit glucose uptake in
937 cells. A similar inhibitory effect was also ob-

erved in the Jurkat cell line. Using the analogues of
avonoids, the minimal structure of flavonoids to con-
er the inhibition was determined as 5 and/or
-hydroxyflavones. The data showed that some fla-
onoids containing the structure, truly block the glu-
ose uptake in the cells and the flavonoids could be
sed as a blocker of the glucose uptake, in vitro. The
eneficial effect of natural flavonoids in a diet has not
een fully studied, with respect to in vivo glucose ab-
orption, even though many in vitro data for flavonoids
ave been published (21–25). It was currently reported
hat the average human intake of flavonoids has been
stimated to be approximately 23 mg/day (26–28). But,
he physiological concentrations of individual fla-
onoids in human intestine have not been conclusively
stablished. With the incomplete information, the true
ffects of flavonoids on the absorption of glucose cannot
e fully established in vivo. Therefore, the future stud-
es of flavonoids must be performed to validate the
n vitro effects, and evaluate the in vivo effects in
umans.
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