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Abstract

Soy and soy foods are a rich source of isoflavones, which possess several biological activities. The effect
of soy isoflavones, genistin and diadzin and their respective aglycones, on glucose uptake in adipocytes isolated
from normal or high-fat fed rats was examined. As expected, insulin stimulated glucose uptake in a con-
centration-dependent manner. However, genistin and daidzin and their aglycones inhibited glucose uptake
in a concentration-dependent (25~100 pM) manner. In a time-course response, the aglycones significantly
inhibited glucose uptake throughout 3 hr (after 30, 60, 120, 180 min), whereas the glycones only significantly
inhibited the glucose uptake after 120 min and 180 min in the isolated rat adipocytes. Thus, the glucosides
of genistein and daidzein, i.e. genistin and daidzin, were much less effective in inhibiting glucose uptake
than their aglycones. In addition, genistin and daidzin did not significantly affect the insulin-stimulated
glucose uptake, whereas genistein and daidzein did significantly inhibited glucose uptake compared to the
vehicle control group by 47.5% and 24.8 %, respectively (p < 0.05). The isoflavones also significantly inhibited
glucose uptake in adipocytes isolated from rats fed a high-fat diet (50% of total calorie intake) when compared
to the vehicle control. Finally, the isoflavones were found to enhance lipolysis in adipocytes isolated from
high-fat fed rats, where the glycerol released by the aglycones was also higher than that released by the
glycones. The current results showed that the inhibitory effect of daidzein on glucose uptake was very similar
to that of genistein. The aglycones were more potent in inhibiting the uptake of glucose and a more potent

stimulator of lypolysis than the glycones in adipocytes isolated from high-fat fed rats.
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INTRODUCTION

There is growing interest in the potential health effects
of soy and soy isoflavones, as epidemiological studies
have associated a diet rich in isoflavones with a lower
risk of certain diseases, including breast and prostate
cancer, osteoporosis, and cardiovascular disease (1-5).

The major soy isoflavones are genistin and daidzin
(B-glycosides), and their aglycone forms, genistein and
daidzein (Fig. 1). After ingestion, the B-glycosides un-
dergo further metabolism by intestinal microflora (6,7),
and through the action of bacterial glycosidases, and they
are converted to aglycones (8-10).

Recent studies have also provided evidence that soy
consumption alleviates some of the symptoms associated
with type 2 diabetes, such as insulin resistance and im-
paired glycemic control (11,12) Moreover, several other
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researchers have reported that genistein, a tyrosine kinase
inhibitor (13) that was not found to inhibit insulin re-
ceptor kinase activity in isolated rat adipocytes, com-
pletely inhibited insulin-stimulated glucose oxidation (14).
While, daidzein (another major soy isoflavone), which
does not have a hydroxyl group at the 5-position of gen-
istein, is commonly used as inactive analogue of gen-
istein with respect to the inhibition of tyrosine kinase
in vitro (15).

Obesity, although multifactorial, may be induced by
the chronic ingestion of a high-fat diet and is a prevalent
cause of insulin resistance and type 2 diabetes (16). In
particular, if obesity is associated with abdominal ad-
iposity, this is an important determinant of insulin resis-
tance and represents the most important risk factor for
type 2 diabetes and metabolic syndrome (17). In rats,
a long-term high-fat diet leads to a severe insulin re-
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Fig. 1. Structures of soy isoflavones.

sistance, yet not diabetes (18). Accordingly, the purpose
of this study was to elucidate the effect of genistein and
daidzein on glucose uptake by comparing the effects of
the glycones in adipocytes isolated from normal or
high-fat fed rats.

MATERIALS AND METHODS |

Reagents :

The human insulin was purchased from Novo Co.
(Copenhagen, Denmark), while the genistin, genistein,
daidzin, bovine serum albumin (fraction V), collagenase,
cytochalasin B, and silicon oil were all purchased from
Sigma Co. (St. Louis, MO, USA). The daidzein was
from Fluka Co. (Buchs, Switzerland), and the 2-deoxy
[3H]—glucose was purchased from New England Nuclear
Corp. (Boston, MA, USA). All other chemicals were of
reagent grade or better.

Animals

Sprague-Dawley male rats weighing between 180~
200 g were purchased from Bio Genomics, Inc. (Seoul,
Korea) and fed a standard laboratory chow diet ad libi-
tum. To obtain adipocytes from high-fat fed rats, Sprague-
Dawley male rats weighing between 50~ 60 g were sep-
arately purchased from Bio Genomics, Inc. (Seoul, Ko-
rea) and fed a high-fat diet (Table 1, 50% of total calorie
intake) for 7--9 weeks. The animals were individually
housed in stainless steel cages in a temperature (22 =
2°C) and light/dark (12 hr/12 hr) controlled room. The
animals were then sacrificed and the adipocytes isolated.

Preparation of isolated adipocytes

The cell isolation was performed according to the
methods of Rodbell (19) and Olefsky (20), and the
experiments carried out in accordance with the ethical
rules approved by Kyungpook National University. The

Table 1. Composition of high-fat diet (g/100 g diet)

Components High-fat diet
Casein 20.0
D,L-Methionine 0.3
Corn starch 15.0
Sucrose 27.5
Cellulose powder 5.0
Comn oil 5.0
Lard 22.5
Mineral mixture” 35
Vitamin mixture” 1.0
Choline bitartrate 0.2

YAIN-76 mineral mixture (Harlan Teklad Co., USA).
YAIN-76 vitamin mixture (Harlan Teklad Co., USA).

rats were slaughtered by decapitation and the epididymal
fat pads removed. The isolated fat cells were prepared
by shaking at 37°C for 90 min in a Krebs-Ringer Hpeps
(KRH) buffer (pH 7.4) containing 131.5 mM NaCl, 4.7
mM KCl, 2.5 mM CaCly, 1.25 mM MgSO;, 2.5 mM
NaH,PO4, 10.0 mM Hepes, 1% bovine serum albumin
(fraction V), 2 mM pyruvate, and 1 mg/mL collagenase
(from Clostridium histolyticum, type II). After isolation,
the cells were washed several times with the same buffer
but without collagenase and filtered through a nylon
mesh (200 pM pore size). The number of cells was then
counted using a hematocytometer.

2-Deoxyglucose uptake assay

The isolated adipocytes (2 X 10° cells/mL) were pre-
incubated in 1 mL of a KRH buffer at 37°C for 20 min,
then incubated with DMSO (vehicle), genistin, daidzin,
genistein, or daidzein. The glucose uptake reaction was
initiated by adding 0.125 mM 2-deoxyglucose containing
2—de0xy[3H]—glucose (2-DQG). After incubation at 37°C -
for 3 min, the reaction was terminated by adding 40 pM
Cytochalasin B (Sigma). The adipocytes were then sepa-
rated from the medium by centrifugation (16,000 X g, 2
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min) through silicon oil, and the glucose uptake as-
sessed based on the uptake of [H]-glucose into the
adipocytes by counting in a liquid scintillation counter
(Packard TriCarb 2500TR, Downer’s Grove, IL).

Lipolysis in adipocytes

The adipocytes ( 10° cells/mL) were incubated at 37°C
for 90 min in a KRH buffer, then incubated with DMSO,
genistin, daidzin, genestein, and daidzein, respectively.
Thereafter, the adipocytes were aspirated and the in-
tensity of lipolysis ascertained as the amount of glycerol
released from the cells into the incubation medium. The
concentration of glycerol was determined using the Boeh-
ringer Mannheim test.

Statistical analysis

The data were expressed as the mean*SEM, and the
significance of the differences between the means, set
at p<0.05, was assessed using a one-way analysis of
variance and Duncan’s multiple-range test or Student’s
t-test using the SPSS program.

RESULTS

Dose-dependent effects of soy isoflavones on 2-DG
uptake in rat adipocytes

Insulin stimulated glucose uptake in a dose-dependent
manner (0.001 ~1 pM) when compared to the basal level
(Fig. 2). However, when the cells were treated with
various concentrations (25~200 uM) of the four iso-
flavones, a marked inhibition of glucose uptake was ob-
served at each concentration compared to the vehicle
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Fig. 2. Effect of different doses of insulin on [’H]-2-DG
uptake in isolated rat adipocytes. The cells were incubated with
- various insulin concentrations in a KRH buffer at 37°C for
30 min, then further incubated for 3 min in the same buffer
containing [’H]-2-DG. The radioactivity incorporated into the
cells was measured. Each point represents the mean=SEM
for five repetitions. *p<(0.05 vs. basal time by Student’s #-test.
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Fig. 3. Dose effects of isoflavones on [’H]-2-DG uptake in
isolated rat adipocytes. The cells were incubated with various
isoflavone concentrations in a KRH buffer at 37°C for 3 hr,
then further incubated for 3 min in the same buffer containing
[’H]-2-DG. The radioactivity incorporated into the cells was
measured. Each point represents the mean = SEM for five re-
petitions. *p <0.05 vs. control by Student’s z-test.

control (Fig. 3). Genistein was the most effective glucose
uptake inhibitor at concentrations of 25, 50, and 100 pM,
while genistin and daidzin were relatively less effective
at concentrations from 25 to 200 pM. Nonetheless, dai-
dzein was as effective as genistein in inhibiting glucose
uptake in the adipocytes when its concentration was
increased to 100 pM and 200 pM. Therefore, overall,
genistin and daidzin, and their aglycones significantly
inhibited glucose uptake in a concentration-dependent
manner at <100 pM.

Time-course effect of soy isoflavones on 2-DG up-
take in rat adipocytes

Genistin and daidzin only inhibited glucose uptake
significantly after 120 min and 180 min when compared
to the control, whereas genistein and daidzein exhibited
an inhibitory effect over a wider timescale from 30 min
up to 180 min. Among the soy isoflavones (100 uM),
genistein and daidzein, exhibited a slightly stronger in-
hibitory effect on glucose uptake than genistin and dai-
dzin at each incubation time (Fig. 4). The maximum inhi-
bition of glucose uptake by the four isoflavones occurred
after 180 min.

Effect of soy isoflavones on insulin-stimulated 2-
DG uptake in rat adipocytes

When the cells preincubated with the different soy iso-
flavones and then incubated with insulin at a physiolo-
gical concentration, the insulin significantly stimulated
glucose uptake into the adipocytes (Fig. 5, A). However,
the actual insulin-stimulated glucose uptake was signifi-
cantly suppressed by the aglycones, genistein (47.5%) and
daidzein (24.8%), when compared to the vehicle control,
yet not by the glycones, genistin and daidzin (Fig. 5, B).
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Fig. 4. Time dependence of isoflavone effects on ['H]}-2-DG
uptake in isolated rat adipocytes. The cells were incubated with
isoflavones (100 pM) in a KRH buffer at 37°C for 30 min,
60 min, 120 min, and 180 min, then further incubated for 3
min in the same buffer containing {’H]-2-DG. The radioactivity
incorporated into the cells was measured. Data are shown as
mean £ SEM for five repetitions. *p <0.05 vs. control by Stu-
dent’s r-test.

Effect of soy isoflavones on 2-DG uptake and li-
polysis in adipocytes isolated from high-fat fed rats

When the four isoflavones were added to the incu-
bation mixture with the adipocytes isolated from rats fed
a high-fat diet for 7~9 wecks, the glucose uptake was
significantly inhibited (Fig. 6, A). The lipolysis activity
was determined by the amount of glycerol released from
the cells into the incubation medium, and found to be
significantly stimulated by genistin and diadzin, and their
aglycones (100 pM) when compared to the vehicle con-
trol (Fig. 6, B). However, genistein and daidzein stimu-
lated more extensive lipolysis activity than genistin and
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daidzin, as indicated by the inhibited glucose uptake.

DISCUSSION

Evidence continues to emerge that soybeans and their
components have a beneficial effect on lipid concentra-
tion in healthy and type 2 diabetic subjects. However,
it is unclear whether this beneficial effect on lipids is
due to the soy proteins, isoflavones, or fiber component.
Vedavanam et al. (21) suggested that soy isoflavones
may be beneficial for diabetic subjects because of their
esterogenic activity and ability to prevent glucose-in-
duced lipid peroxidation and inhibit intestinal glucose
uptake by decreasing sodium-dependent glucose transport,
resulting in a reduction in postprandial hyperglycemia.
Isoflavones are one of the biologically active compounds
in soybeans, and there are two types of soy isoflavone:
glycones and aglycones. Accordingly, the aim of this study
was to compare the effect of glycones and aglycones on
glucose uptake and lipolysis in adipocytes isolated from
high-fat fed rats.

The transport of glucose in adipose tissue plays a crit-
ical role in glucose homeostatsis: adipose-selective de-
pletion of the insulin-responsive glucose transporter
GLUT4 causes insulin resistance in mice (22). A major
metabolic function of insulin is to increase the V. of
glucose uptake in muscle and adipose tissue (23,24). In
this study, insulin caused an ~3-fold increase in glucose
uptake compared to that in the control cells. However,
the basal glucose uptake was inhibited 20~53% and 43
~77% by the soy isoflavone glycones and aglycones,
respectively, (p<0.05) in a concentration-dependent
manner (25~ 100 pM). The soy isoflavones also signifi-
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Fig. 5. Effect of isoflavones on insulin-stimulated [’H]-2-DG uptake in isolated rat adipocytes. The cells were incubated with
genistin, daidzin, genistein, and daidzein in a KRH buffer at 37°C for 3 hr, incubated without (-) or with (+) 1 nM insulin
for 30 min before terminating the reaction, then further incubated for 3 min in the same buffer containing ['H]-2-DG. The
radioactivity incorporated into the cells was measured (A). The vehicle was incubated with DMSO. The insulin-stimulated
[3H]-2-DG uptake was calculated by subtracting the [BH]—Z—DG uptake in the absence of insulin from that in the presence of
insulin (B). Data are shown as mean — SEM for six repetitions. The means not sharing a common letter are significantly different
between groups (p<0.05) by Duncan’s multiple test. *p<0.05 vs. insulin (-) by Student’s z-test.
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Fig. 6. Effect of isoflavones on [’H]-2-DG uptake and lipolysis in adipocytes isolated from high-fat fed rats. After supplementing
the rats with high-fat (50% of daily calorie intake) for 7~9 weeks, the adipocytes were isolated. The cells were incubated
with genistin, daidzin, genistein, and daidzein in a KRH buffer at 37°C for 3 hr, then further incubated for 3 min in the same
buffer containing [’H]-2-DG. The radioactivity incorporated into the cells was measured. Data are shown as mean* SEM for
ten repetitions (A). The medium used to incubate the rat adipocytes was also collected and assayed for the glycerol concentration,
a measure of lipolysis (B). Data are shown as mean* SEM for five repetitions. The vehicle was incubated with DMSO. The
means not sharing a common letter are significantly different between groups (p<0.05) by Duncan’s multiple test.

cantly inhibited glucose uptake in the adipocytes isolated
from high-fat fed rats, although the glucose uptake in-
hibiton was less than in adipoctyes from rats fed normal
diets 3.4 ~12.5% (data not shown). Genistin and daidzin
were less active than genistein and daidzein in inhibiting
the glucose uptake in adipocytes isolated from both nor-
mal and high-fat fed rats. When insulin was incubated
with genistin, daidzin, genistein, and daidzein, the glu-
cose uptake was stimulated 2.5-, 2.4-, 2.8-, and 3.3-fold
compared to the absence of insulin, however, the actual
insulin-stimulated glucose uptake was significantly inhi-
bited by 64% and 52% by genistein and daidzein, res-
pectively, with genistein exhibiting a more potent effect
than daidzein. In contrast, the glycones, genistin and daid-
zin, did not significantly inhibit the insulin-stimulated
glucose uptake in the rat adipocytes. This may have been
due to the loss of their polyphenolic character by O-
glucoside formation (25). It was previously observed that
genistein exerted an inhibitory effect on insulin-stimu-
lated glucose uptake (13) and glucose metabolism (14)
in white adipose tissue cells. Smith et al. (13) demon-
strated that a genistein-induced inhibition of glucose up-
take is due to conformational changes of GLUT4 without
a significant drop in the number of membrane-associated
glucose transports. Meanwhile, the present results showed
that the inhibitory effect on glucose uptake by the gen-
istein analogue, daidzein, was very similar to that by
genistein.

White fat tissue cells, called adipocytes, play an im-
portant role in lipid synthesis, release, and storage in an
organism. Triglycerides, which are the main form of lip-
ids stored in adipocytes, are synthesized in these cells
from glucose or fat taken up from the plasma. When tri-
glycerides are broken down, glycerol and free fatty acids

are released into the plasma. Thus, it is evident that the
processes occurring in the adipocytes should be precisely
regulated to avoid a fat excess or deficit in the overall
organism. Hormonal regulation appears to be pivotal in
maintaining the balance between lipid synthesis and
breakdown in these cells. Under physiological conditions,
epinephrine and glucagons augment lipolysis, whereas
insulin exerts an antilipolytic action and increases lipo-
genesis (26). Accordingly, this study also examined the
effect of soy isoflavones on lipolysis in adipocytes iso-
lated from high-fat fed (50% of total calorie intake) rats.
The lipolytic effect of genistein and daidzein was more
potent than that of genistin and daidzin at 100 uM.
Szkudelska et al. (27) previously reported that genistein
at aconcentration of 0.1 mM and 1 mM significantly
enhanced basal lipolysis in isolated rat adipocytes. In
adipocytes, triglycerides are broken down by hormone
sensitive lipase (HSL) in response to protein kinase A
(PKA) preceded by an elevated cAMP content in the
cells. Thus, lipolysis can be evoked by augmenting the
cAMP content or as a result of the direct action of a
lipolytic agent on PKA or HSL. In the present study,
the soy isoflavones appeared to limit insulin action (28),
especially genistein and daidzein, which clearly inhibited
the glucose uptake and enhanced lipolysis in the isolated
rat adipocytes.

In conclusion, the current results found that the in-
hibitory effect of daidzein on glucose uptake was very
similar to that of genistein. Plus, the aglycone form was
a more potent inhibitor of glucose uptake, while simul-
taneously a more potent stimulator of lipolysis than the
glucoside form in the adipocytes isolated from high-fat
fed rats. Thus, the present in vitro data would seem to
indicate that regular consumption of genistin and daidzin,
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and their aglycones may exacerbate insulin resistance in
susceptible individuals via an impaired glucose uptake
in adipose tissue. However, recently other studies re-
ported that soy isoflavones improve lipid metabolism,
produce an antidiabetic effect, and activate PPAR rece-
ptors in vivo (29,30). Accordingly, these in vitro results
should not be used to predict the actual effects of soy
isoflavones under in vivo conditions. Therefore, further
in vivo studies of soy isoflavones are needed to validate
their effects and elucidate their roles.
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