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Flavonoids are functional constituents of many fruits and veg-
etables. Some flavonoids have antidiabetic properties be-
cause they improve altered glucose and oxidative metabo-
lisms of diabetic states. Procyanidins are flavonoids with an
oligomeric structure, and it has been shown that they can
improve the pathological oxidative state of a diabetic situa-
tion. To evaluate their effects on glucose metabolism, we ad-
ministered an extract of grape seed procyanidins (PE) orally
to streptozotocin-induced diabetic rats. This had an antihy-
perglycemic effect, which was significantly increased if PE
administration was accompanied by a low insulin dose. The
antihyperglycemic effect of PE may be partially due to the

insulinomimetic activity of procyanidins on insulin-sensitive
cell lines. PE stimulated glucose uptake in L6E9 myotubes and
3T3-L1 adipocytes in a dose-dependent manner. Like insulin
action, the effect of PE on glucose uptake was sensitive to
wortmannin, an inhibitor of phosphoinositol 3-kinase and to
SB203580, an inhibitor of p38 MAPK. PE action also stimulated
glucose transporter-4 translocation to the plasma membrane.
In summary, procyanidins have insulin-like effects in insulin-
sensitive cells that could help to explain their antihypergly-
cemic effect in vivo. These effects must be added to their an-
tioxidant activity to explain why they can improve diabetic
situations. (Endocrinology 145: 4985–4990, 2004)

FLAVONOIDS ARE PHENOLIC compounds that are
widely found in fruits and vegetables (1). They have a

broad range of biological activities (2–5). They function as
powerful antioxidants, as phytoestrogens, and can alter the
activities of important cell-signaling enzymes, such as ty-
rosine kinases, phosphodiesterases, and phosphoinositide
kinases (6). Some may also have antidiabetic activity (7–10).
Studies of the in vivo and in vitro effects of various flavonoids
on glucose metabolism have shown opposite and often con-
troversial results. This is probably because of the different
structural characteristics of the molecules and the different
experimental designs used (11–13). Procyanidins, a group of
flavonoids, are oligomeric forms of catechins that are abun-
dant in red wine, grapes, cocoa, and apples (1). It has been
shown that they have a role in protecting against the altered
oxidative state of diabetic situations (14–17). The only re-
ported information about how they affect glucose metabo-
lism derives from the recent work of Al-awwadi and col-
leagues (18) that describes an antidiabetic activity of a red
wine polyphenolic extract in streptozotocin (STZ)-treated
rats.

Hyperglycemia is characteristic of type I and type II dia-
betes mellitus, which is mainly caused by insulin deficiency
and/or a failure of normal insulin levels to stimulate glucose

uptake in tissues. Although defects in glucose homeostasis
have been recognized for decades, the molecular mecha-
nisms involved in impaired whole body glucose uptake are
still not understood. It is now clear, however, that the ag-
gressive control of hyperglycemia can attenuate the devel-
opment of chronic complications. Significant progress has
been made in identifying the molecular components and
signaling pathways involved in the short-term regulation of
glucose uptake (19, 20). Insulin binds to the cell surface
insulin receptor and activates its intrinsic tyrosine kinase
activity. The subsequent activation of phosphatidylinositol
3-kinase (PI3K) is necessary for the recruitment of glucose
transporter-4 (GLUT-4) to the cell surface. In addition,
emerging evidence suggests that a second signaling cascade,
which functions independently of the PI3K pathway, is re-
quired for the insulin-dependent translocation of GLUT-4
(21, 22). However, GLUT-4 translocation to the plasma mem-
brane does not account for all the increase in glucose uptake
due to insulin stimulation. It has recently been shown that
insulin also stimulates GLUT-4 activation through p38
MAPK signaling (23).

A suitable antidiabetic agent should have actions similar
to those of insulin, or it should bypass the defects in insulin
action characterized by insulin resistance. In this report we
assess how effective a grape seed-derived procyanidin is at
lowering hyperglycemia in an insulin-deficient rat model of
diabetes: the STZ-induced diabetic rat. To analyze the bio-
chemical mechanism of this postulated effect, we evaluate
the insulinomimetic activity of this grape seed-derived
procyanidin working with two cell culture lines of insulin-
sensitive tissues: L6E9 myotubes and 3T3-L1 adipocytes.

Abbreviations: FBS, Fetal bovine serum; GLUT-4, glucose transport-
er-4; LDM, low density microsome; PE, grape seed procyanidin extract;
PI3K, phosphatidylinositol 3-kinase; PM, plasma membrane; STZ,
streptozotocin.
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Materials and Methods
Cells, reagents, and materials

Grape seed procyanidin extract (PE) was provided by Les Dérives
Résiniques et Terpéniques (Dax, France). According to the manufac-
turer, this PE extract contained essentially monomeric (21.3%), dimeric
(17.4%), trimeric (16.3%), tetrameric (13.3%), and oligomeric (5–13 U;
31.7%) procyanidins.

Cell culture reagents were obtained from BioWhittaker (Verviers,
Belgium), and SB203580 was purchased from Calbiochem (Merck,
Darmstadt, Germany). Insulin (Actrapid) was obtained from Novo Nor-
disk (Bagsvaerd, Denmark). Bradford protein reagent was obtained
from Bio-Rad Laboratories (Hercules, CA). L6E9 cells and anti-GLUT-4
antibody were provided by Dr. Marta Camps and Prof. Antonio Zorzano
(University of Barcelona, Barcelona, Spain), and antirabbit peroxidase-
conjugated antibody, wortmannin, and STZ were obtained from Sigma-
Aldrich Corp. (St. Louis, MO). 2-Deoxy-d-[3H]glucose and enhanced
chemiluminescence detection reagent were purchased from Amersham
Biosciences (Little Chalfont, UK).

Induction of experimental diabetes

Male Wistar rats, weighing 250 g, were purchased from Charles River
Laboratories (Barcelona, Spain). The animals were housed in animal
quarters at 22 C with a 12-h light, 12-h dark cycle and were fed ad libitum.
All procedures were approved by the animal ethics committee of our
university. Type 1 diabetes mellitus was induced by ip injection of a
freshly prepared solution of STZ (70 mg/kg) in 50 mm citrate buffer, pH
4.5. The only diabetic animals used were those with polyuria, glycosuria,
and hyperglycemia (�20 mm) 2–3 d postinduction. All studies were
carried out 1 wk after STZ had been injected.

Animal experimental procedures

STZ-diabetic rats were divided into five groups of six or seven rats
each. In the control group rats were fed an oral gavage with vehicle (tap
water). In the PE group rats were given an oral gavage of PE in aqueous
solution (250 mg/kg body weight). In the insulin group rats were given
9 nmol/animal insulin, ip, and fed an oral gavage with tap water. In the
low insulin group rats were given 1.26 nmol/animal insulin, ip, and fed
an oral gavage with tap water. In the PE plus low insulin group rats were
given 1.26 nmol/animal insulin, ip, and fed an oral gavage with PE (250
mg/kg body weight).

At 1100 h, blood glucose levels were measured, and then (time zero)
the respective treatments were administered. Blood samples were col-
lected by tail bleeding, and glucose was measured at 30, 60, 90, 120, 150,
210, and 270 min.

An additional experiment was performed with the same experimen-
tal model, but only with fasted animals from the control and PE groups.
Food was withdrawn at 0700 h, and at 1400 h (time zero), a blood sample
was collected by tail bleeding. The respective treatments were then
administered. Next, blood was again extracted after 60 min. Blood glu-
cose was determined with a glucometer (Glucocard, Menarini, Barce-
lona, Spain).

Cell culture and differentiation

L6E9 myoblasts were cultured in supplemented DMEM [10% (vol/
vol) fetal bovine serum (FBS), 1% penicillin/streptomycin, 2 mm glu-
tamine, and 25 mm HEPES (pH 7.4)]. Preconfluent myoblasts (80–90%)
were induced to differentiate by lowering FBS to a final concentration
of 2% (vol/vol).

3T3-L1 preadipocytes were cultured and induced to differentiate as
previously described (24). Briefly, confluent preadipocytes were treated
with 0.25 �m dexamethasone, 0.5 mm 3-isobutylmethylxanthine, and 5
�g/ml insulin for 2 d in 10% FBS containing DMEM. Cells were switched
to 10% FBS/DMEM containing only insulin for 2 d, then to 10% FBS/
DMEM without insulin. Ten days after differentiation had been induced,
cells were treated with PE and used for the experiments.

Cell treatment

Fully differentiated adipocytes and myotubes were washed twice
with PBS and incubated at 37 C with serum-free, supplemented DMEM

containing 0.2% BSA (depletion medium) for 2 and 5 h, respectively.
Acute treatment with PE and/or insulin was carried out during the last
30 or 60 min of depletion in adipocytes and myotubes, respectively. All
PE concentrations assayed were nontoxic for both 3T3-L1 adipocytes (24)
and L6E9 myotubes (25).

Glucose uptake assay

Glucose transport was determined by measuring the uptake of 2-
deoxy-d-[3H]glucose. Cells were cultured on six- or 12-well plates.
Transport assay was initiated by washing the cells twice in a transport
solution (20 mm HEPES, 137 mm NaCl, 4.7 mm KCl, 1.2 mm MgSO4, 1.2
mm KH2PO4, 2.5 mm CaCl2, and 2 mm pyruvate, pH 7.4). Cells
(myotubes and adipocytes) were then incubated for 7–10 min in the
transport solution, which contained 0.1 mm 2-deoxy-d-glucose and 1 �Ci
2-deoxy-d-[3H]glucose (10 mCi/mmol). Glucose uptake was stopped by
adding 2 vol ice-cold 50 mm glucose in PBS and washing twice in the
same solution. Cells were disrupted by adding 0.1 m NaOH/0.1% PBS,
and radioactivity was determined by scintillation counting (Packard
1500 Tri-Cab, Izasa SA, Madrid, Spain). Glucose transport values were
corrected for protein content, which was determined by the Bradford
method (26). Each condition was run in triplicate.

To determine whether PI3K and p38 MAPK were involved in the
signaling pathways that were potentially used by PE, we performed
assays using specific inhibitors of these kinases. Wortmannin (1 �m) and
SB 203580 (100 �m) were added 15 and 20 min, respectively, before PE
and insulin treatments. Glucose uptake was then assayed.

Cell fractionation method

To obtain plasma membranes (PM) and low density microsomes
(LDM), cells were grown on 75-cm2 flasks and treated as described
above. Then a subcellular fractionation was carried out with slight
variations to the method used by Simpson and colleagues (27). Briefly,
cells were homogenized, and the homogenate was centrifuged for 20
min at 15,800 � g to pellet the PM fraction. The supernatant was cen-
trifuged for 75 min at 180,000 � g to pellet the LDM fraction. The
fractions were then resuspended in HES (20 mm HEPES, 1 mm EDTA,
and 255 mm sucrose, pH 7.4) and subjected to Western blotting analysis.

Electrophoresis and immunoblot analysis

Aliquots of fractions (PM and LDM) were resolved on 7.5% SDS-
PAGE and transferred to nitrocellulose membranes, and the membranes
were blocked with PBS 5% low-fat dry milk. Incubation with the primary
antibody (anti-GLUT-4; 1:1000 dilution) was performed overnight.
Membranes were washed in PBS/0.1% Tween and incubated with the
peroxidase-conjugated secondary antibody (1:1000 dilution) for 2 h.
Then they were washed again in PBS/0.1% Tween. Bands were visu-
alized with enhanced chemiluminescence detection reagents.

Calculations and statistical analysis

Results are expressed as the mean � sem. Effects were assessed using
one-way ANOVA or t test. We used Tukey’s test of honestly significant
differences to make pairwise comparisons. All calculations were per-
formed using SPSS software (SPSS, Inc., Chicago, IL).

Results
Acute administration of procyanidins reduced
hyperglycemia in STZ-induced diabetic rats

To assess the potential role of procyanidins in improving
hyperglycemia, we used an animal model in which there is
no, or very little, insulin secretion: STZ-induced diabetic rats.
Figure 1A shows that an acute gavage of PE (250 mg PE/kg
body weight) significantly reduced blood glucose levels. Al-
though we started our experiment 2 h after the light period
had begun, the control group showed that there was some
intestinal glucose absorption. To ascertain whether the in-
hibition of glucose absorption in the intestine was not the
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only thing to mediate the glycemia-lowering effect of PE, we
administered the same dose of PE to fasted animals. In this
case, Table 1 shows that 1 h after PE treatment, blood glucose
levels also significantly decreased (P � 0.004) vs. those in the
control group. Figure 1B shows that simultaneous adminis-
tration of a low dose of insulin (1.26 nmol) and PE caused an
additive effect, but it was not as high as that of an effective
insulin dose (9 nmol). Table 2 summarizes the ANOVA re-
sults of all treatments on nonfasted animals and shows that
the PE effect was greater than that caused by a low dose of
insulin.

Procyanidins increase glucose uptake in insulin-sensitive
cell lines (L6E9 myotubes and 3T3-L1 adipocytes)

To determine whether the effects of procyanidins in vivo
were due to their action on insulin-sensitive tissues, we used
the differentiated cell lines L6E9 myotubes and 3T3-L1 adi-
pocytes. Figure 2 shows that PE treatment caused a dose-
dependent increase in glucose uptake in both cell lines. These
dose-response effects showed some differences between
myotubes and adipocytes. L6E9 myotubes, at 0.14 mg PE/
liter, increased their glucose uptake vs. untreated cells, and
their maximal stimulation was 1.6-fold greater than basal
rates. 3T3-L1 adipocytes, however, needed a higher concen-
tration of PE to stimulate their glucose uptake (35 mg PE/
liter), but at their maximal nontoxic PE concentration (140 mg
PE/liter), its stimulation was stronger (7-fold above basal).
Nevertheless, in both cell lines the effect of PE on glucose
uptake at the maximal doses assayed was 50% that of insulin
(55.3 � 13.85% for L6E9; 45.32 � 3.35% for 3T3-L1). To eval-
uate the effects of simultaneous administration of PE and
insulin, we incubated adipocytes with a low dose of insulin
(10 nm) and several doses of PE. Figure 3 shows that the
presence of PE in the cell culture medium boosted the effect
of a low insulin concentration. In 3T3-L1 adipocytes, 7 mg/
liter of PE, a nonstimulating dose by itself, together with a
low insulin dose (10 nm) almost doubled the capacity, in-
duced by insulin in the cell, to capture glucose.

Procyanidin-induced increase in glucose uptake shares some
mediators of insulin mechanism of action

Previous results show that procyanidins have an insulin-
like effect. To elucidate the mechanism by which PE stimu-
lates glucose uptake, we attempted to determine whether PE
shared some of main cellular mediators of insulin signaling.
Firstly, the combination of the highest stimulating concen-
tration of PE and a supramaximal insulin concentration did
not cause an additive stimulation of glucose transport in
myotubes (Table 3). In adipocytes, there was some additive
effect, although it did not reach the total sum of both the
independent effects (Table 3). To determine whether the
effects of PE on glucose transport required intact PI3K ac-
tivity, wortmannin was added before PE to the cell culture

FIG. 1. Effect of PE treatments on glucose levels in STZ-induced
diabetic rats. At 1100 h (time zero), a blood sample was collected by
tail bleeding, and respective treatments were administered. Blood
samples were extracted at the times indicated in the figure. Glucose
levels were quantified by a glucometer. The data are the mean � SEM
of six animals. A, Effect of PE on glucose levels. B, Additive effect of
a simultaneous treatment with PE plus a low dose of insulin. Table
2 summarizes the ANOVA results of the overall effect of the treat-
ments shown in A and B. The different letters indicate statistically
significant differences between treatments.

TABLE 1. Changes in blood glucose levels in fasted animals due
to procyanidin treatment

Blood glucose (mM)

0 h 1 h Decrease

Control 19.31 � 0.64 20.61 � 1.40 1.31 � 0.72
PE 19.65 � 0.70 18.26 � 1.12 �1.39 � 0.52a

At 0700 h, food was removed from animal cages. At 1400 h (time
zero), a blood sample was collected by tail bleeding, and respective
treatments were administered. After 1 h, blood glucose was mea-
sured. The data are the mean � SEM of six animals.

a Significant differences vs. the control group at P � 0.05.

TABLE 2. ANOVA results of all treatments on nonfasted animals

Treatment Control Low insulin PE Low insulin � PE Insulin

ANOVA result a a, b b c d

Different letters indicate statistically significant differences be-
tween treatments.
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medium. Figure 4 shows that PE-induced glucose transport
was inhibited by wortmannin in both cell lines. As positive
control, we simultaneously treated 3T3-L1 adipocytes and

L6E9 myotubes with insulin or insulin plus wortmannin. In
both cell lines, wortmannin inhibited insulin-induced glu-
cose uptake (data not shown). These results prove that PE
requires PI3-kinase activity to be intact if it is to have a
stimulatory effect on cellular glucose uptake.

Insulin stimulation of glucose uptake activates two re-
sponses on GLUT-4: a very well established effect recruiting
GLUT-4 transporters from intracellular reserves to the
plasma membrane, and an increase in the intrinsic activity of
the transporter, a p38 MAPK-mediated effect. We studied
whether PE also activated both responses on GLUT-4. 3T3-L1
adipocytes treated with 140 mg/liter PE increased the
amount of GLUT-4 in the plasma membrane (PE, 9.26 � 4.55;
control, 3.61 � 1.33; Fig. 5). To determine whether the effects
of PE on glucose transport required p38MAPK activity,
SB203580 (100 �m) was added 20 min before PE treatment.
Figure 6 shows that SB203580 inhibited PE-induced glucose
transport to a similar extent as it inhibited insulin-induced
glucose transport.

Discussion

In this study we show that PE mimics the role of insulin
in vivo and in vitro. We show that an acute dose of PE has an
antihyperglycemic effect on an insulin-deficient animal

FIG. 2. Dose-response effects on glucose uptake due to PE treatment
in L6E9 myotubes and 3T3-L1 adipocytes. Fully differentiated myo-
tubes (A) and adipocytes (B) were incubated with serum-free medium
supplemented DMEM containing 0.2% BSA for 5 and 2 h, respec-
tively. Acute treatment with several doses of PE was carried out
during the last 60 or 30 min of depletion in myotubes and adipocytes,
respectively. At the end of the treatment, 2-deoxyglucose uptake was
assayed. The data are the mean � SEM of at least three different
experiments. a and b, Statistically significant differences between PE
concentrations.

FIG. 3. Dose-response effect on glucose uptake due to simultaneous
treatment with a low dose of insulin plus PE in 3T3-L1 adipocytes.
Fully differentiated adipocytes were serum-depleted as indicated in
Fig. 2. Simultaneous treatment with several doses of PE with or
without 10 nM insulin was applied during the last 30 min of depletion.
Cells treated with 100 nM insulin were used as a positive control. At
the end of the treatment, the 2-deoxyglucose uptake was assayed. The
data are the mean � SEM of three different experiments. a, b, and c,
Statistically significant differences between PE concentrations.

FIG. 4. Effects of wortmannin on PE-stimulated glucose uptake in
L6E9 myotubes and 3T3-L1 adipocytes. Differentiated cells were
serum-depleted as indicated in Fig. 2. L6E9 myotubes and 3T3-L1
adipocytes were treated with wortmannin (1 �M) before PE (14 mg/
liter for 1 h for L6E9; 140 mg/liter for 30 min for 3T3-L1) was added
to the cell culture medium. At the end of the treatment, 2-
deoxyglucose uptake was assayed. The data are the mean � SEM of
three different experiments. *, Significant differences vs. PE-treated
group at P � 0.05.

TABLE 3. Effects due to simultaneous treatment with high doses
of PE and insulin in L6E9 myotubes and 3T3-L1 adipocytes

L6E9 3T3-L1

Insulin 100 100
PE 43.18 � 29.97 45.32 � 3.35
Insulin � PE 113.7 � 10.41 121.9 � 6.23a

Fully differentiated myotubes and adipocytes were serum-depleted
as described in Fig. 2. They were treated with their respectives high
doses of PE (L6E9, 14 mg/liter; 3T3-L1, 140 mg/liter), without or with
insulin 1 �mol/liter, during the last 60 or 30 min of depletion in
myotubes and adipocytes, respectively. At the end of treatment, 2-
deoxyglucose uptake was assayed. Results are expressed as the per-
centage of the insulin effect (100%). The data are the mean � SEM of
three different experiments.

a Significant differences vs. insulin treatment at P � 0.05.
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model, the STZ-induced diabetic rat. The antihyperglycemic
role of PE by itself was moderate, but simultaneous admin-
istration with a low dose (one seventh the effective dose) of
insulin boosted the effect to such an extent that it was similar
to that of other typical antihyperglycemic agents, such as
metformin and troglitazone (28). To our knowledge, this is
the first report of an antihyperglycemic effect mediated by PE
in vivo. Previous studies have shown that wine flavonoids
improve the altered oxidative status of the diabetic situation,
but they have not found any effect on glycemia. Landrault
and colleagues (14) reported that the daily administration of
an ethanol-free white wine enriched in phenolics to STZ-
induced diabetic rats improved the oxidative stress associ-
ated with diabetes. Also, Ceriello and colleagues (16) found
that acute moderate red wine consumption during a meal
(300 ml red wine, �300 mg of flavonoids) improved oxidative
status in the absorptive phase in human type 2 diabetic patients.

The differences between our results and those obtained by

others may be due to the different composition and dose of
procyanidins used and the diabetic situation tested, although
little work has been done with procyanidins. The blood glu-
cose-lowering activity of other flavonoids, however, has
been defined for epicatechin (29), catechin (30), and epicat-
echin gallate (7, 31). These monomeric forms act through
different mechanisms: epicatechin induces pancreatic �-cell
regeneration (29), catechin inhibits intestinal glucose absorp-
tion (30), and epicatechin gallate increases hepatic glycogen
synthesis (7, 31). Only Al-awwadi and colleagues (18) ob-
served that a polyphenol extract from a red wine adminis-
tered for 6 wk to STZ-induced diabetic rats has an antidia-
betic activity, but they do not describe any possible
mechanisms to explain this effect. Our in vivo experiments
suggest that PE can lower glucose levels by at least two
mechanisms: a delay in intestinal glucose absorption and an
insulin-like effect on insulin-sensitive tissues. Both effects
were present in nonfasted animals: 1 h after PE treatment, the
glucose level of PE-treated animals was 24.51 � 1.00 mm,
approximately 4 mm lower than that of the control group
(28.01 � 1.08 mm). And when the animals had fasted for 7 h,
thus eliminating the effect on glucose absorption, we found
a smaller difference (�2 mm) between the glycemia in the
PE-treated group (18.26 � 1.12 mm) and that in the control
group (20.61 � 1.4 mm). To explain the biochemical basis of
this last effect, we hypothesized that procyanidins act on
insulin-sensitive tissues. It has been reported that some fla-
vonoids stimulate glucose uptake in cultured cells (8, 12, 13).
Others, however, are in vitro inhibitors of glucose transport in
rat adipocytes (11, 32–34).

To date, however, the effects of procyanidins on glucose
uptake in insulin-sensitive cells have not been studied. In this
respect we show that PE has an insulin-like effect on glucose
uptake in two insulin-sensitive cell lines: 3T3-L1 adipocytes
and L6E9 myotubes. In both cell lines, PE alone did not cause
maximal insulin stimulation, but there was a synergic effect
between PE and insulin in 3T3-L1. With this simultaneous
treatment, a low dose of insulin and PE, we managed to
stimulate glucose uptake to a similar extent as that caused by
a maximal insulin concentration. There are various molec-
ular mechanisms by which this stimulation of glucose uptake
could take place. Waltner-Law and colleagues (31) showed
that epigallocatechin gallate has an insulin-like effect on
hepatocytes mediated by changes in the redox state that
affect the functional states of some intracellular mediators of
insulin signaling. We do not discard this possibility, because
procyanidins are also very well described antioxidants (35).
However, the high affinity of procyanidins for binding to
proteins is also very well described (36–38). Our present
results show that the PE stimulation of glucose uptake does
not use a different or complementary mechanism to that of
insulin in myotubes, because simultaneous treatment with
saturating doses of insulin and PE did not cause an additive
effect. We do not discard a complementary mechanism in
adipocytes, because we observed that simultaneous treat-
ment leads to some addition, but it did not reach the sum of
both independent effects. Therefore, procyanidins in adipo-
cytes must also use insulin mechanisms.

Our results also support the idea that the PE stimulation
of glucose uptake in adipocytes and myotubes acts through

FIG. 5. Effect of PE on distribution of GLUT-4 between plasma mem-
brane and intracellular membranes in 3T3-L1 adipocytes. Fully dif-
ferentiated adipocytes were serum-depleted as indicated in Fig. 2.
They were treated with 140 mg/liter PE or 100 nM insulin or were
untreated during the last 30 min of depletion. PM and LDM fractions
were obtained and assayed by Western blot to determine the abun-
dance of the GLUT-4 glucose transporter. A, Percentage of total
GLUT-4 that was located in the PM. B, Representative autoradio-
gram [30 �g (PM) and 5 �g (LDM) protein/lane]. The data are the
mean � SEM of at least three different experiments.

FIG. 6. Effects of SB203580 on PE-stimulated glucose uptake in
3T3-L1 adipocytes. Adipocytes were serum-depleted as indicated in
Fig. 2. Cells were pretreated with SB203580 (100 �M) for 20 min
before 140 mg/liter PE were added to the cell culture medium. After
30 min of simultaneous treatment, 2-deoxyglucose uptake was as-
sayed. The data are the mean � SEM of at least three different ex-
periments. *, Significant differences vs. non-SB203580 group at P �
0.05.
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some of the main intracellular mediators described for the
insulin signaling pathway (PI3K and p38 MAPK). In both cell
lines, the inhibition of PE-stimulated glucose uptake caused
by wortmannin was similar to that caused by insulin stim-
ulation. The p38 MAPK inhibitor, SB203580, led to a similar
situation. PE also increased the amount of insulin-sensitive
glucose transporter, GLUT-4, in the plasma membrane. Like the
effect of PE on the stimulation of glucose uptake, the effect of
PE on GLUT-4 translocation was less than that of insulin.

In conclusion, our results indicate that PE is an antihy-
perglycemic agent with insulinomimetic properties. We have
shown that procyanidins mimic and/or influence insulin
effects by directly acting on specific components of the in-
sulin-signaling transduction pathway. This insulin-like role
of procyanidins must be added to their very well described
effect of improving altered oxidative states.
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